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PREFACE 
I SHOULD not have had the courage to offer these 
volumes to the public, had not requests repeatedly come to 
me from physicians and biologists to render my publications, 
which are widely scattered, more easily accessible. There- 
fore, when the editor of the "Decennial Publications of the 
University of Chicago" invited me to make a contribution 
to the series, I mentioned to him, not without hesitation, 
the idea of collecting and republishing my papers on 
General Physiology. Through his initiative and kind as- 
sistance the idea has been carried out. 

^""^No one will expect that a collection of papers on very 
diverse subjects cim form attractive reading matter. Yet I 
may mention, by way of an apology, that, in spite of the y 
diversity of topics, a single leading idea permeates all the 
papers of this collection, namely, that it is possible to get 
the life-phenomena under our control, and that such a control 
and nothing else is the aim of biology. Thus the reader 
I will notice that in a series of these publications I have tried 
I to find the agencies which determine unequivocally the 
'■^^airection of the motion of animals, and he will also notice 
that I consider a complete knowledge and control of these 
agencies the biological solution of the metaphysical problem 
of animal instinct and will. { In taking up the problem of 
regeneration I started out with the idea of controlling these 
{^enomena, and considered it my first aim to find means by 
which one organ could at desire l)e caused to grow in the place 
of another organ. Thus the experiments on heteromorphosis 
originated. As far as the problem of fertilization is con- 
ceme<l, it seemed to me that the first step toward its solution 
should consist in the attempt to produce larvre artificially 
from unfertilized eggs in various classes of animals. 



X Preface 

It seemed desirable that the reader should be spared an 
undue amount of repetition, and for this reason a number 
of publications are omitted from this collection, and those 
printed are in many cases shortened. Among the papers 
which have been omitted are the preliminary notices and all 
those papers of which I am not the sole author. Occasion- 
ally I have made additions in the form of footnotes. Such 
footnotes have always been marked by the addition of [1903] 
at the end. 

Only a small number of these papers appeared originally 
in English, namely, VII, XXI, XXVI-XXXV, and XXXVII. 
The other papers were translated from the German by Pro- 
fessor Martin H. Fischer, to whom I wish to express my 
sincere thanks. The credit as well as the responsibility for 
the translation belongs entirely to him. In the reading of 
the proof I was assisted by Dr. Fischer, Dr. Rogers, Dr. 
Bullot, and Dr. Bancroft. Mr. Rogers made the index for 
the first volume. To all these gentlemen my thanks are due. 

Jacques Loeb. 

Berkeley, California, 
October 14, 1904. 
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THE HELIOTROPISM OF ANIMALS AND ITS IDENTITY 
WITH THE HELIOTROPISM OF PLANTS» 

I. INTRODUCTION 

I INTEND to show in the following pages that animal 
movements depend upon light in the same way as the move- 
ments of plants. 

It is a well-known fact that animals, when light falls on 
them, move toward the source of light, like the moth, or 
move away from it, like the earthworm. It is also well 
known that certain plant organs have a tendency to turn 
toward or from the source of light when illuminated from 
one side only. While the conditions which govern the 
behavior of plants toward light have been well analyzed, 
especially by Sachs, little has been done to investigate the 
conditions upon which depend the movements of animals 
toward a source of light. It is the purpose of this paper 
to fill this gap, and to enumerate the facts which show that 
in reality the animal motions called forth by light depend 
u|)on the same circumstances as the motions which light 
produces in plants. 

The effects of light which we intend to study are purely 
mechanical^ inasmuch as they consist in changes in position, 
ns well as in the direction and the sense of the progressive 
movements of living animals. Consequently we shall reganl 
as essential such circumstances as can help to explain the 
mechanical effects of the light. These circumstances, as in 
the case of all stimulations, are of a double origin: first, 
those lielonging to the stimulus — in this case the light ; and, 

1 Pamphlet, WOrxbur»?, 1880. 

1 



2 Studies in General Physiology 

second, those belonging to the structure of the organism. 

So far as the light is concerned, the circumstance which 
controls the orientation of the animal and the direction of its 
movements is the direction of the rays falling upon the 
animal.' The condition which is of importance on the part 
of the animal is the symmetrical shape of the body. 

Sachs discovered that all plant organs which have a 
radial structure are orthotropic (this means that they bend, 
when light strikes them on one side, until their longitudinal 
axes lie in the direction of the rays of light), but that all 
dorsi ventral structures are plagiotropic, i. e., they place their 
surfaces perpendicular to the rays of light. Symmetrically 
situated points at the surface possess a quantitatively and 
qualitatively equal irritability. In this way the organ of a 
plant is mechanically forced to orient itself in such a way 
that the rays of light strike symmetrical points at equal 
angles to the surface. If the plant, as for example the 
swarm spore of algse, is capable of a progressive motion, it 
must of course, in order to maintain this position, move in 
the direction of the rays of light. This is, indeed, found to 
be the case. 

I shall now show that quite generally in animals fhe 
direction of the rays of light controls also the direction of 
those movements which are caused by light; that, in addi- 
tion, quite generally in animals their orientation depends 

1 Iq these experiments it is presumed that the animals move under the influence 
of only one source of light. It is explicitly stated in this aud the following papers 
that if there are several sources of light of unequal intensity, the light with the 
strongest intensity determines the orientation and direction of motion of the animal. 
Other possible complications are covered by the unequivocal statement, made and 
emphasized in this and the following papers on the same subject, that the main 
feature in all phenomena of heliotropism is the fact that symmetrical points of the 
photosensitive surface of the animal must be struck by the rays of light at the same 
angle. It is in full harmony with this fact that if two sources of light of e(iual 
intensity and distance act simultaneously upon a heliotropio animal, the animal 
puts its median plane at right angles to the line connecting the two sources of light. 
This fact was not only known to me, but had been demonstrated by mo on the larv» 
of flies as early as 1887, in WOrzburg. an<l often enough since. These facts seem to 
have escaped several «f my critics. [1903] 
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on the form of the body in so far as dorsiventral animals 
move with their median planes in the direction of the rays 
of light y in which position the rays fall upon symmetrically 
situated points of the surface of their bodies at nearly equal 
angles. In this way the fact that a moth flies into a flame 
turns out to be the same mechanical process as that by which 
the axis of the stem of a plant puts itself in the direction of 
the rays of light. In both cases, however — in the fatal 
flight of the moth as well as in the orientation of plants — 
one point remains unexplained, namely : how can the light 
so change the state of the protoplasm as to bring about the 
mechanical effects just mentioned? At present we are not 
able to form a clear idea of this. 

A second condition which has a determining influence 
upon the mechanical effects of light on plants is the refran- 
gibility of the rays. Sachs has shown that it is chiefly the 
more refrangible rays which are able to bring about move- 
ments in plant organisms. We shall see that quite gen- 
erally the more refrangible rays are also more effective 
mechanically in the animal kingdom. 

Thirdly, we shall prove that the orientation of animals as 
well as of plants takes place when the intensity of the light 
remains constant. Very often we observe, for example in our 
eyes, that a change in the intensity of the light acts as a 
stimulus. In addition to these essential considerations of 
the effects of light in the animal kingdom, the following 
factors play a role, namely: 

Fourthly, light causes the orientation of animals (as well 
as of plants) only within certain limits of intensity. Fifthly, 
temperature influences the movements of orientation in 
animals and plants toward light — which is true for all 
phenomena of stimulation. 

To sum up: The conditions which control the movements 
of animals toward light are identical^ point for jwinty 
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with those which have been shown to be of paramount 
influence in plants. 

Aside from the problem of proving by suitable experi- 
ments the stated propositions, it is also necessary for us to 
show what role the orientation toward the light plays in the 
economy of life of an animal. I shall therefore first describe 
the experimental proofs of the identity of animal heliot- 
ropism with plant heliotropism, and then show by individual 
examples what role heliotropism plays in the economy of life 
of animals. To discuss the latter point it will be necessary 
also to describe briefly the other forms of irritability pos- 
sessed by an animal. 

In a short article which appeared in January, 1888, I 
described the principal laws upon which depends the orien- 
tation of animals to light, and the identity of these laws with 
those governing plant heliotropism.* 

II. THE ESSENTIAL PHENOMENA AND LAWS OP HELIOTROPISM 

IN PLANTS 

Assuming that the reader is acquainted with the orienta- 
tion of plants toward a source of light, it will suflSce at this 
place to call attention briefly to the essential facts which bear 
u[X)n our subject. In so doing I shall follow the presenta- 
tion given by J. von Sachs in his lectures on plant physi- 
ology.' 

Straight stems or roots of growing plants bend when light 
falls on them on one side only, or with greater intensity on 
one side than on the other, until their tii)s lie in the dircC" 
tion of the rays of light. Those organs which turn toward 
the source of light are called positively heliotropic ; those 
which turn from the light, negatively heliotropic. 

1 " Die Orioutierun»f d<*r Thioro ffc^on das Licht (thierischor Holiotropismus),'* 
Sitzuntjithtrichte der Würzhuif/er physikuliitrh-mediciniHcht'n HfKcllHchtift^ Jauuary, 
ISW. 

• I'orlcgitnycn über rfianzen-Phyniolonit\'li\ cd. lL<;ii>ziK, 1887j. 
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It was formerly believed that the bending of the positively 
heliotropic parts of plants was due to the fact that the side 
which was turned away from the light grew more rapidly, 
because plants when brought into the dark at first grow more 
rapidly than they do in the light. But it was proved in 
Sachs's laboratory that negatively heliotropic organs also 
grow more rapidly in the dark. Because of the similarity 
of the geotropic and heliotropic movement in plants, Sachs 
came to the conclusion that the direction in which the rays 
of light penetrate the plant tissue determines the orientation 
of the plant toward light. He also proved that not all the 
rays of the visible sun spectrum bring about heliotropic 
movements, but only, or at least chiefly, the more refrangible 
rays. The less refrangible rays, which are of. importance in 
assimilation, are ineffective heliotropically. If the light be 
previously pasßed through a dark-blue ammoniacal solution 
of copper, which absorbs all the red, yellow, and a part of 
the green rays, the heliotropic bending occurs in the same 
way as in completely white light. If, however, the light 
passes through a saturated solution of {)otassium bichromate, 
which lets through only red, yellow, and a part of the green 
rays, " the heliotropic shoots remain straight and vertical, no 
matter how intense the light is which passes through the 
solution." Finally, if the light "is passed through a solu- 
tion of quinine sulphate, the fluorescence of which completely 
abeorbs the ultra-violet rays, the heliotropic curvatures 
nevertheless appear — a proof that they are caused princi- 
pally by the visible blue and violet rays." 

The best proof of the theory that the direction of the 
rays of light controls the orientation of [)lants was found by 
studying freely moving plant organs, the swarm-sj)ores of 
algae. These swarm-8[X)re8 make progressive movements 
like animals, and Strasburger* proved that they move in the 

I Stsasbcsoer, Wirkung de» Lichte» und der Wämic auf S<hirärmsporen 
(Jena, 1878). 



6 Studies in General Physiology 

direction of the rays, to or from the source of light. The 
more refrangible rays alone exercise this effect on the swarm- 
spores. They behave in the light which has passed through 
an ammoniacal solution of copper just as in diffuse daylight. 
On the other hand, they are not affected by light which has 
passed through a potassium bichromate solution, by light 
from a sodium flame, or by the light coming through ruby 
glass. 

The chlorophyll-bearing protoplasm of cells moves under 
the influence of light.* The chloroplasts of a thread alga, 
Mesocarpus, turn *' their broad surfaces toward the sky so that 
the rays fall upon them at right angles. If the direction of 
the rays is changed, the chloroplasts turn so that their broad 
surfaces are again at right angles to the rays. Direct sun- 
light, however, causes the chloroplasts to assume another 
position — they place their surfaces parallel to the rays which 
strike them." 

According to modem plant physiology, the whole proto- 
plasm of a multicellular plant is to be conceived of as a 
continuous mass, as a single protoplasmic body.' More 
recent investigations have shown that when a plant organ is 
illuminated, that side of the organ which becomes concave 
from the effect of the light becomes rich in protoplasm, while 
the opposite convex side becomes poor.' Multicellular organs 
behave in this regard like unicellular ones. Thus it appears 
that the light forces the protoplasmic mass to move in such a 
way that positively heliotropic protoplasm wanders to the 
side of the organ which is turned toward the light, while 
negatively heliotropic protoplasm wanders to the opposite 
side.* Should it turn out that this phenomenon really occurs 

I Stahl, Botaniache Zeitung, 1880. 2 Sach», loc. cit., p. W. 

3 Wortmann expresscil his observations in this way. It is possible that in 
reality protoplasm on tho concave side is only more opaque than on the opposite 
gide. This difffrenco in optical appearance may simply be tho expression of a 
difference in the size of the colloidal particles. [1903] 

* See WoBTM ANN, BotanUchc Zeitung^ 1887. 
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in all cases, it would prove that the protoplasm of a multi- 
cellular plant behaves just like the naked, creeping Plas- 
modium, which is also heliotropically irritable. 

III. SUMMARY OP THE MECHANICAL EFFECTS OP LIGHT IN THE 
ANIMAL KINGDOM WHICH ABE THUS FAB KNOWN 

I shall in this chapter summarize briefly the facts and 
views in regard to the movements of animals under the in- 
fluence of light, so far as they are known up to the present 
time. These may be divided into three groups: 

1. Casual observations of the older authors (Reaumur, 
Trembley). These are unprejudiced records of simple obser- 
vations. 

2. Modern investigations on the eflfects of light from an 
anthropomorphic standpoint. The movements of animals 
are not attributed to mechanical causes, but to supposed 
human sensations of the animals. 

3. Investigations according to the method of Sachs, which, 
however, have been applied only to Protozoa. The last- 
named observations are the most important in these three 
groups. 

The earliest account of the effects of light on animals 
which I have found in the literature is by Reaumur.* He 
found that moths which are attracted by the candle flame '*do 
not fly from flower to flower during the day." Since he saw 
chiefly the males fly into the flame, he raised the question 
as to whether or not the female moths emit light like glow- 
worms. "Do not the females of the nocturnal Lepidoptera 
emit a light too feeble to make an impression on our eyes, 
but sufliciently strong to act on those of their males?" He 
had observed, evidently, that the males of the glow-worm 
which are attracted by the light to the aboral end of the 
females likewise fly into the light. Reaumur was, moreover, 

1 RtfAUMUR^ M^moirtM pour »crvir ä Vhistoire lit» inaecte»^ Vol. 1, 1, p.330 (Amster. 
dam. 1748). 
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convinced that the glow-worm living in the woods could see. 
He made a glass window in a tree in which such worms 
lived and noticed that the animals gave a start upon the 
approach of a burning candle. 

Trembley made far better experiments.* He found that 
"water fleas" can be driven around in a circle by a moving 
candle: 

By the light of a wax taper I observed polyps to which daring 
the day I had given many water fleas; in the evening there were 
left in the glass some which the polyps had not consumed. I 
noticed that most of them had collected on the side toward the 
candle. I changed the position of the taper, and they followed it. 
As I had moved its position repeatedly, and each time had seen 
that the water fleas followed it, I moved the taper slowly around 
the glass without stopping. They followed, and thus made several 
trips around it. I have had the opportunity of repeating this ex- 
periment several times. 

Trembley's observations on the effect of light on Hydra 
were made with great care. After he had repeatedly observed 
that the polyps moved to the "brightest" side of the glass, 
he placed "a glass containing many green jx)lyj>s in a case 
which had an opening on one side about opposite the middle of 
the glass." He re|)orts as follows concerning their behavior: 

When I placed the glass so that the opening in the case was 
turned to the light, the polyps always migrated toward that side 
of the glass which was opposite this opening, in such a way that 
together they made the figure of a gable. I often turned the 
glass around, and after several days I observed the polyps again at 
the opening arranged as before (in the form of a gable). To vary 
the experiment still further, I fixed the dark case so that the open- 
ing was at times straight, at other times inverted, and again the 
polyps arranged themselves together. 

After he had discovered that polyps which had been cut in 
two could ''move, eat, and multiply," he tried to see ''whether 

1 Trembley, Ahhandluiyjcn zur Geachichte einer Polypcnnrt, transl. by OöTZE 
(Qaedliuburg, 1791). 
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these pieces would turn toward the light in the same way as 
the undivided polyps." He cut a number of polyps in two : 
the anterior halves he placed in one glass, the posterior 
halves in another. He found "in oft-repeated experiments 
that the animals in both glasses collected in the brightest 
regions in the glass." 

These are, as far as I know, the only extended observa- 
tions to be found in the old physiological literature of the 
effects of light upon animals. For a long time no further 
study of the eflfects of light upon animals was made. 
Johannes Müller mentions, in the preface to his Physiologie 
des Oesichtssinnes^ that he made "investigations on the in- 
fluence of colored light on the vital phenomena of plants and 
animals," but, as far as I know, the results of his investiga- 
tions were never published. 

The modem anthropomorphic observations were intro- 
duced by Paul Bert. Bert raised the question: Do all 
animals see the same rays that we see?* He meant to ask 
whether all rays of the visible sun spectrum are able to 
bring about animal movements. An experiment with Daph- 
nia pulex was suflicient for Bert to settle this question. He 
projected a spectrum and found that the animals became 
restless in all positions of the visible spectrum: 

Mes daphnies erraient dispers^es d*une mani^re k peu pr^s 
^gale dans toute Tötendue du vase obscur, lorsque soudaiu je fis 
tomber sui la fente un rayon color6, un rayon vert. Aussitöt «lies 
8*agit^rent, se group^rent toutes dans la direction de la trains 
IiunineiLse et un trös-grand nombre s en vint se heurter, montant et 
desct»ndant sans reläche centre la parol qui recevait la lumi^re. 
Or, im semblable rösultat fut obtenu pour toutes les rodens du 
spectre visible. Le rouge, le jaune, le bleu, le violet m^me atti- 
niient les daphnies. Seulement il fut facile de remarquer, qu'elles 
accouraieiit beaucoup plus nipidemeut au jauue ou au vert qu'ä 
toute autre couleur. 

1 Best. Archive» dc phytioioQiet 1809. 



10 Studies in General Physiology 

On either side of the spectrum the animals remained at rest. 
In addition to this, Bert made another experiment. He 
had a spectrum projected on a trough, and observed how 
the animals distributed themselves over the different parts 
of the spectrum. 

L'immense majority se pla^a dans le jaune, le vert, Torange; 
une assez grande quantity se voyaient encore dans le rouge, un 
certain nombre dans le bleu, quelques-unes de plus en plus rares h 
mesure qu'on s'öloignait dans les regions plus r6frangibles du 
violet, au delä du rouge, au delä de Tultra-violet; dans les regions 
invisibles, en un mot, on n'en trouvait que d'isol^es en promenade 
accidentelle. 

From these facts Bert concluded that Daphnia behaves 
in the spectrum much as a man would, who, when reading a 
book, would move into the brightetet part of the spectrum, 
into the yellow light. 

Lubbock repeated Bert's experiment on Daphnia.* One- 
half of a dish was covered by a yellow screen ; the other 
half was left uncovered. In the uncovered half 1,904 
animals collected, while 3,096 gathered under the yellow 
screen. From this Lubbock concludes that Daphnia has a 
"preference" for *'yellow." But one would suppose that in 
the uncovered part of the dish there was at least as much 
yellow light as under the yellow screen; or did the majority 
"hate" the blue light? 

When Lubbock covered one-half of the trough with 
blue glass and left the other uncovered, he found 2,046 
animals under the blue glass, and 2,954 in the uncovered 
part of the trough. Whether one is to conclude from this 
that blue light is in the sense of Lubbock "disagreeable" to 
Daphnia is not stated. When half of the trough was 
covered with red glass, there collected 1,928 animals under 
the red glass, while 3,072 collected in the uncovered por- 

• LüBBOTK, " Die Sinne nnd das ««Mstiffo Lebon der Thiere,'* Int4,'mationale 
iciMseiischa/tliche Bibliothek, Vol. LXVU (1889). 
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tions of the dish. When half of the vessel was covered 
with an opaque porcelain screen, Lubbock found 2,048 
animals collected under it, and 2,932 animals in the un- 
covered half. From these and similar experiments Lubbock 
concludes that the animab have a decided preference for 
yellow light 

I also have made some experiments on the effects of 
rays of different refrangibility on Daphnia, and found that 
when the more refrangible rays (blue and violet) fell 
upon the animals they hastened to the source of light and 
moved up and down on the light side of the vessel. When 
I made the same experiment with the less refrangible rays, 
the effect was weak or did not take place at all. The result 
conforms with other facts which are to be described later. 
I shall, therefore, not revert to the Daphnia and their 
alleged ''preference for yellow." 

Lubbock has employed a similar method in his experi- 
ments on wingless ants;* these, however, led to much more 
fruitful results than his experiments on Daphnia. In an 
experiment in which a vessel was covered with strips of 
red, green, yellow, and violet glass he found that 890 
animals collected under the red glass, 544 under the green, 
495 under the yellow, and only 5 under the violet. There 
is no doubt in this case that the animals collected under 
those glasses where they were struck by the less refrangible 
rays. Other experiments showed that red glass acts like an 
o{)aque body. 

The observation of Lubbock that ants avoid the ultra- 
violet part of the spectrum is also worthy of note. For the 
sake of completeness the experiments of Lubbock on bees 
and wasps must be mentioned, in which it was found that 
under otherwise similar conditions blue objects smeared with 
honey were preferred to those of another color. 

> LuBBOCE. '* AmebeD, Bteoen und Wespen/* ibid,, 1883. 
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The most extended experiments on the influence of light 
on the orientation of animals were made by Graber.* His 
"comparative studies on light-sensations" (Vergleichemle 
Licht'OcfilhUStudien), as he called his investigations, cover 
about fifty species. His method is that followed by Lub- 
bock. 

The faultiness of this method and the errors of interpre- 
tation of the results obtained stand out more clearly in 
N Graber's writings than in Lubbock's. Graber covers one- 
half of a vessel with a partially or completely opaque 
screen, and after a time notes how the animals are dis- 
tributed in the vessel. If most of the animals are under 
the opaque screen, Graber says that they are "fond of the 
dark" and "hate the light;" or in the reverse case, that 
they are "fond of the light" or of "the white" and "hate the 
dark." He therefore uses the conceptions of "white" or 
"bright" and "dark," which designate certain effects of light 
upon a human being for the conceptions of great or small 
intensity of the light; and in saying that animals which 
"prefer the light" also "hate the darkness" he makes a 
second mistake in that he maintains that strong and weak 
light have opposite effects. We shall see, however, that 
these effects are similar and differ only in degree. He makes 
the same mistake in exi)erimenting on rays of different 
refrangibility. The most imix)rtant among the facts ob- 
ser\'ed by him in this connection is this, that animals which 
"prefer the light" with a few exceptions also "prefer" blue, 
while those which "hate the light" "prefer" red. His ideas 
are expressed in the following remarks, which, however, I 
do not fully understand: 

The question arises as to the cause of this truly striking rela- 
tion between the love for white li«^ht and for blue li^^ht, on the one 
hand, and between the dislike for white light and for blue light, 

1 Grundlinien zur Erforschung det HeUigkciU- und Farbensinne» der Thiere 
(Prag, lim). 
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on the other hand. If the law had reference only to white light, 
and not also to colored light — red, blue, etc. — which is, however, 
by no means always the case, one might at first be inclined to be- 
lieve that the animals which prefer red avoid mixed light because 
it contains many of the hated short waves of the blue and violet 
light; for this very reason it would be more agreeable than dim 
light to the animals which prefer blue, for dim mixed light is poor 
in all rays, and therefore also in blue. Yet the objection might be 
raised against this explanation that mixed light contains as much 
red for those animals which prefer red as it contains blue for those 
animals which prefer blue. Yet this objection could again be 
weakened by the assumption that, since the animals which prefer 
red also prefer darkness, they prefer a minus of their chosen color 
to a plus of the color they dislike. 

Graber finally considers it best *' to await further investi- 
gations in a field where great darkness still prevails." We 
see that Graber in regard to the eflFects of monochromatic 
light again establishes a contrast in eflFects where, as we shall 
see, a similarity exists. Graber was prevented from cor- 1 
rectly interpreting his results by attributing the movements 
of animals to sensations instead of to physical causes. If 
he had given up the anthropomorphic standpoint, he would 
soon have discovered that his experiments show that the 
more refrangible rays are more effective in causing the 
orientation of an animal than the less refrangible ones. 

In none of the investigations of Bert, Lubbock, or Graber 
has the influence of the direction of the rays on the orienta- 
tion been studied. Graber, for example, took it for granted 
that an animal moves to the light because, as he expressed 
it, *'it is fond of the light" or **the white." If it moves 
in theop[K)site direction, it *'is fond of the dark." Lubbock 
remarks incidentally that "ants do not like light in their 
nests, probably because they do not deem it safe.'' 

This sums up the opinions and results of the authors who 
sought to explain aiithroix>morphically the phenomena which 
interest us here. 
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Finally, I have to mention the heliotropic investigations 
on Infusoria which were made along the lines mapped out 
by Sachs. To bring these investigations before the reader 
I shall describe the more important observations which have 
been made on Euglena. The influence of the direction of 
the rays of light on these Infusoria was first demonstrated 
by Stahl:* 

Those individuals which did not swim about freely remained 
with their pointed posterior ends attached to the cover-glass or to 
other objects, while their free anterior ends were, according to con- 
ditions, either turned toward or away from the source of light. The 
longitudinal axes of both the motile and sessile Euglenae coincided 
as nearly as possible with the direction of the rays of light. The 
motionless ones behaved like the free-swimming ones whenever the 
direction or intensity of the light was suddenly changed, except 
that they reacted more slowly. If, for example, the glass slip was 
suddenly rotated through an angle of 180% the position which the 
animals occupied originally with reference to the source of light 
was slowly reassumed, while the swimming individuals left their 
former path and moved in the original direction toward the light 
immediately after a change in its direction. 

Engelmann studied in Euglena the relation between the 
eflFect of the rays of light and their refrangibility.* After 
he had established the fact that when a drop of EuglenöB is 
only partially illuminated the animals gradually accumulate 
in the lighted area, he brought the animals into a micro- 
spectrum. Here they collected on the more refrangible side 
of the spectrum. The orientation of Euglena therefore 
depends on the direction of the rays, and especially on 
that of the more refrangible ones. It must finally be men- 
tioned that the anterior ends of the Infusoriae are most sen- 
sitive to light; yet the pigment spot is not, as might be 
supposed, the most sensitive, but the colorless protoplasm in 
front of this. 

Besides these direct effects of light in phenomena of 

1 Botanische Zeitung, 1880. 2 Pßugen Archiv, Vol. XXIX (1882). 
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orientation, which alone interest us here, there are also cer- 
tain indirect effects on the orientation of low forms of life. 
These were also first observed by Engelmann. When the 
supply of oxygen is cut off from certain chlorophyll-bearing 
organisms, they remain in that part of the spectrum in which 
assimilation takes place. In water with its normal amount 
of oxygen, as Engelmann found, Stentor viridis, Bursaria, 
and the green slipper animalculse do not react to light.* If, 
however, the supply of oxygen from without is interfered 
with, "the insufficient supply can be compensated for by a 
production of oxygen by the chlorophyll granules within the 
mesoplasm." Under these conditions the animals return to 
the light side of the drop when they accidentally get into the 
shady part. When the animals are brought into a micro- 
Bpectrum, they collect in those regions which promote assimi- 
lation. The opposite effect takes place, however, when the 
supply of oxygen from without exceeds the normal When 
Engelmann passed a stream of pure oxygen through the 
water, the animals moved from the lighted into the shaded 
part of the drop. 

Such an indirect orientation toward light as is determined 
by assimilation is shown also in the behavior of the purple 
bacteria.' These, as Engelmann found, collect in those 
regions of the spectrum which are most absorbed by the 
coloring matter of the bacteria. 

These are the most imfwrtant facts which up to this time 
are known concerning the influence of light on the orienta- 
tion of animals. Thus far only the observations made on 
Infusoria are sufficient to warrant the conclusion that ani- 
mal movements depend on light in the same way as the 
movements of plants. In the rest of the animal kingdom 
either the facts necessary for this conclusion are lacking, or 
false statements and conceptions are prevalent. So far as 

1 Ibid., p. 987. S Engelmans, BotanUche Zvitung, 1888. 
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the latter are concerned, it is wrong, as we shall see, to say 
that certain animals "are fond of the light" and seek those 
regions in space where light is most intense, while others "are 
fond of the dark" and betake themselves to those regions 
which are darkest. In contradiction of this idea I shall 
prove that the direction of the progressive heliotropic move- 
ments of animals is determined solely by the direction of the 
rays, no matter whether the animals move from regions in 
which light is less intense to those in which it is more 
intense, or vice versa. 

Further than this, it is fundamentally wrong to say that 
an assumed "preference for color" determines the orientation 
of animals toward rays of different ref rangibilities ; that, 
as Graber says, the animals which "are fond of blue" "hate 
red," and that those which "are fond of red" "hate blue." 
In contradiction of this idea I shall prove that there are no 
animals which "are fond of" red or "hate" blue, but only 
such as move toward a source of light or away from it ; and 
that these movements occur in the same way under the 
influence of the more refrangible rays as under that of the 
less refrangible rays, only with this purely quantitative 
difference, that the more refrangible rays, as in plants, are 
much more effective than the less refrangible ones, which 
usually have no effect. 

I consider it inadvisable to represent the movements ob- 
served in animals as the expression of a "color preference," 
or a "color sensation," of a "pleasurable" or "unpleasur- 
able sensation," as do most animal physiologists and zoolo- 
gists who have studied the effects of light in the animal 
kingdom. I do not propose to base an analysis of the 
movements of animals on such hypothetical, anthro[X)mor[)hic 
sensations and feelings, but on such conditions as determine 
the course of phenomena in inanimate nature as well. Real 
natural science began wlien, instead of fabulizing over the 
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nature of gravitation, men determined accurately the details 
of the movement of falling stones, of pendulums, etc., and 
described them in the most simple and definite terms. In 
biology, especially in regard to the mechanical effects of 
light which concern us here, the task of the investigator can 
only be to determine and describe the circumstances upon 
which depend the movements of animals under the influ- 
ence of light. 

IV. BEMABKS ON THE METHOD OP EXPEBIMENTATION. — THE 
HELIOTBOPISM OF AN ANIMAL USUALLY BECOMES EVIDENT 
ONLY AT A DEFINITE EPOCH IN ITS EXISTENCE. — THE 
HELIOTBOPISM OF AN ANIMAL CAN EASILY BE OBSCUBED 
BY A SPECIAL FOBM OF CONTACT-IBBITABILITY 

The facts which I have to prove are so simple that almost 
all technical apparatus can be dispensed with. If one 
attempts to demonstrate that the orientation of the animals 
is controlled by the direction of the rays of light, care must 
be taken that light falls upon the animals from only one side. 
To accomplish this it is sufficient to carry on the experiments 
in a room which is lighted from one side only. Since the 
animals with which we are dealing in this discussion are 
dorsiventral and place their median planes in the direction 
of the rays of light, progressive movements are possible in 
only two directions — either toward the source of light 
(when they will be called positively heliotropic), or away 
from the source of light (in which case they will be called 
negatively heliotropic).* 

Diffuse daylight was used as the source of light, and only 
where specially mentioned was sunlight employed. 

1 Some botanists designate the movements of motile plant organisms toward a 
source of light as ** phototactic/* in contrast to the ^* heliotropic " movements of 
senile plants. Since the observations of Sachs, Stahl, and Wortmann, however, 
leave no room for doubt that the processes are identical in both cases, it seems to me 
that this separation is not justified. Otherwise a *' phototactic "' animal ouf?ht to 
become "heliotropic" when its progressive movements are prevented. For this 
reason I use the same term for similar processes. (See VVoBTacANN, Botanische Zei- 
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—— r 

There are two methods by which the second fact, that only 
the more refrangible rays bring about orientation, can be 
proved, namely, by experimenting with prismatic spectra or 
with colored screens. 

All authors who have studied the behavior of plants 
behind colored screens have obtained the same result — that 
it is only, or more especially, the more refrangible rays which 
are heliotropically active. Studies on the behavior of plants 
in prismatic speotra have led to harmonious results, in so far 
as they confirm the gross results obtained by using colored 
screens ; yet opinions differ as to the efficacy of the more 
limited portions of the spectrum. Since for the present I 
wish to show only that the laws governing the orientation 
of an animal toward light correspond to the laws governing 
the orientation of plants toward the same stimulus, it was 
necessary to use as a basis the really established data of plant 
physiology, and I therefore shall confine myself to the proof 
of the fact that the more refrangible rays of the spectrum 
are exclusively, or almost exclusively, eflFective. To do this 
I proceeded as is usual in plant physiology. In order to 
have only the less refrangible rays act on the animals, I 
passed the diffuse daylight through a solution of potassium 
bichromate or ruby glass ; to study the influence of the more 
refrangible rays, I chose cobalt glass or an ammoniacal solu- 
tion of copper. The screens were examined spectroscopically. 
The dark-red glass which I used completely absorbed the 
more refrangible rays, and let through only the red, yellow, 
and a part of the green rays. The dark-blue glass absorbed 
the loss refrangible red and yellow and a part of the green 
rays, with the exception of a small region in the outer red. 
Since, however, the heliotropic phenomena appear only 
weakly or not at all behind dark-red glass, while they occur 
just as in diffuse daylight behind dark-blue glass, the few 
red rays which penetrate the dark- blue glass cannot be 
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responsible for the heliotropic phenomena which take place 
so energetically behind this screen, but can be due only to 
the activity of the more refrangible rays. 

The other external conditions which must be considered 
in heliotropic investigations are so simple that they do not 
call for any special explanations. Where they are of impor- 
tance they will be self-evident. 

It 18 very essential^ however, to realize that the hclio- 
tropism of an animal often manifests itself clearly only dur» 
ing a definite, often decisive, period of its existence, only to 
diminish again or to disappear entirely later. It was only 
by observing for weeks and months the animals described in 
this treatise, which for the most part I raised myself, that 
I have been able to establish this fact. 

The caterpillars of Porthesia chrysorrhoea, for example, 
are energetically |X)sitively heliotropic only during a certain 
period of their existence, when they have just left the coc- 
coon in which they have wintered, and have not yet taken 
food. At this time the entire existence of these animals is 
a function of the light. Under natural conditions they 
hatch out on a warm spring day. The light compels them 
to creep to the tips of the branches, where they find their 
first nourishment in the young buds. When fed they are 
still positively heliotropic, but very much less so than before. 
If anyone should examine them in this condition, he would 
scarcely pronounce them heliotropic. 

It is not, however, a certain date of the year which gov- 
erns this heliotropism ; for whenever I forced the animals to 
leave their nest (by raising the temperature), whether at the 
lieginning of summer or of winter, they were indefatigable 
in their attempts at creeping toward the source of light. 

Winged ants are pronouncedly dependent on light only 
at a definite period of their existence — at the time of their 
nuptial flight The same animals which were actively helio- 
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tropic at the time of the nuptial flight were practically 
indififerent toward the light a few days previously. In the 
same way, later on their heliotropism was entirely pushed 
aside again by another form of irritability, frequently 
encountered in the animal kingdom, and to which I shall 
soon return. 

Fly larvsB also possess very different forms of heliotropic 
irritability at different epochs in their existence. Negative 
heliotropism is not very distinct in the newly hatched larvae; 
but the animals turn their ventral surfaces toward a suffi- 
ciently intensive source of light without otherwise being 
influenced by the direction of the rays of light. Full-grown 
larvae, however, place their median planes very sharply in the 
direction of the rays of light, provided the light is suffi- 
ciently intense. I believe that this periodic appearance of 
heliotropic irritability plays a great role in the ecology of 
animals. The periodic migrations of many animals, such as 
birds of passage, might be explained in this way. 

It is a well-known fact that the irritability of an animal 
in the larval stage may be entirely opposite in kind to that 
of the adult stage. This phenomenon is very common. The 
larva of the fly is negatively heliotropic, while the imago is 
positively heliotropic; this is also the case with June-bugs 
and many other animals. I encountered this inversion of 
the sense of heliotropism when the animal changed from 
the larval stage to the mature state so frequently that 
for a time I thought it a universal rule. Such, however, is 
not the case. Caterpillars, for example, behave toward light 
as does the imago, as I know from my own experience and 
from what I can find on the subject in the literature. 

The behavior of an animal is determined by the sum 
of all the forms of its irritability. The heliotropic irrita- 
bility, therefore, may be obscured by a more powerful irrita- 
bility of another sort. This is often due to a special kind 
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of contact-irritability, which, so far as I know, has not yet 
been recognized. Many insects are compelled to bring their 
bodies in contact with the surfaces of solid bodies in a x^ery 
definite way. My attention was called to this phenomenon 
in my experiments on animal geotropism, in which I allowed 
the animab to move abont on geometrically simple bodies 
bounded by plane surfaces. I noticed that the animals 
rarely remained on the plane surfaces, but collected about 
the edges, particularly the vertical ones. // is worthy of note 
that certain animals always seek the concavity of the angle 
between the sides of hollow cubes, while others just as con- 
stantly move on the convex side. The caterpillar of Por- 
thesia chrysorrhoea is an example of the latter type. The 
other form of this contact-irritability, which leads the ani- 
mals to the concavity of the angles, is very common. The 
following observations show how this form of irritability 
might easily be confused with the irritability toward light, 
and so lead to a misconception of the behavior of the animal 
toward light. 

I studied for several weeks a large number of moths of 
the species Amphipyra. The animals are remarkable in 
that they are more given to running than to flying. The 
rapidity of their running movements calls to mind the lively 
movements of cockroaches and ants. While formerly I had 
found that all butterflies are positively heliotropic, I obser\'ed 
that AmphipyrsB when let loose, did not fly to the window, 
but to the nearest wall or to the floor, where they ran about 
nimbly and crept under the first suitable object, like cock- 
roaches. This looked as though the animals fled from the 
source of light. Tet it could be shown that the animals 
wore toward a source of light, and that the inclination to 
creep intocrevices depends upon the contact-irritability, which 
was mentioned before. The following exi)eriments always 
succeeded : In the evening, when a lamp was brought into 
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the neighborhood of a box containing the animals, those 
which reacted at all always flew with great violence to the 
side of the vessel which was turned toward the light. In no 
case did they fly in the opposite direction. The experiment 
was unequivocal and could be interpreted in but one way. 
So far as the contact-irritability is concerned, the animals 
collected in the four concave vertical edges when kept in a 
cubical wooden box, which was covered on top with window 
glass. In this position they assumed an indifferent orienta- 
tion toward the source of light. To make perfectly sure of 
this fact, I employed the following method: I placed a 
plate of window glass so close to and parallel with the plane 
of the floor of the vessel containing the animals that they 
could just wedge themselves in between the floor and the 
window glass. The glass plate was entirely exposed to the 
light. Those animals which by chance came to the edge of 
the glass plate crept under it, and remained in this position 
exposed to the light, in contact, however, both above and 
below with solid bodies. On the next day all the animals 
were under the glass plate. The animals are therefore forced, 
to bring their bodies in contact with other solid bodies, and 
it is this (and not the light) which causes them to creep 
under solid bodies. I placed a ball of paper in the vessel 
containing the animals ; a part of them crept under the paper 
and a part into its folds. In nature these butterflies remain 
in the clefts on the bark of trees or on the ground in mead- 
ows. 

Forficula auricularia are found in great numbers in verti- 
cal crevices (such, e. (/., as the spaces between gate and gate- 
post, in the entrance to gardens). I obtained the animals 
for my experiments by hanging a cloth of cotton on the top 
of a small gra{)e vine. The animals collected in the folds of 
the cloth. These animals in reality move away from the 
light ; that is to say, they are negatively heliotropic ; but it 
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would be MTTong to attribute their tendency to creep into the 
folds of the cloth to their negative heliotropism. When I 
experimented on these animab with the glass plate, I found 
that they wedged themselves under it, and remained there 
exposed to broad daylight, rather than creep away from it. 
Inside of a box the animals collected in the concave edges ; 
and it was very noticeable that the animals rarely ran over 
the free surfaces, but nearly always along the edges, as if it 
were ever necessary for them to have their sides in contact 
with solid bodies. 

I believe that this form of contact-irritability is identical 
with the important phenomenon, observed by J. Dewitz,' 
that spermatozoa are compelled to turn a certain side of their 
bodies toward solid bodies. Because of this contact-irrita- 
bility a spermatozoon is never able to leave a cover-glass or 
a glass slide when once it comes in contact with it. I have 
observed the same phenomena in hypotrichal Infusoria. 
These always turn one side of their bodies, the ventral, 
toward solid bodies. They further resemble the spermatozoa 
observed by Dewitz in that they alter the direction of their 
m )vement always in the same sense, so that on the cover- 
glass of a microscopical preparation are found only Infu- 
soria which move in one direction, while on the glass slide 
they seem to move in the opposite direction. 

In order to distinguish this form of contact-irritability 
from other forms of contact-irritability (such as the rolling up 
or progressive or retrogressive movements when touched), I 
shall call the peculiarity, possessed by some animals, of 
orienting their Ixxlies in a definite way toward the surface 
of other solid boilies, stcrrotropism. 

The co-operation of other forms of animal irritability with 
heliotropism is so simple as to he self-explanatory wherever 
we may encounter it in our ex|)eriments. 

1 J. Dewitz. Pßüoer» Archiv, Vt»l. XXXVIII (1886). 
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V. THE positive HELIOTBOPISM OF THE CATEBPILLABS OP 
POBTHESIA CHBYSOBBHCEA 

I will enumerate the observations which show the identity 
of animal and plant heliotropism in the caterpillars of Por- 
thesia chrysorrhoea. I shall mention only such experiments 
as in my experience were always successful under the given 
conditions, and which may be taken as the prototype of the 
experiments made upon all the animals treated of in this 
discussion. 

1. The direction of the progressive movement in animals 
is determined by the direction of the rays of light. — I placed 
a large number — about a hundred specimens of the small 
gregarious caterpillars of Porthesia chrysorrhoea which had 
just crept out of the web in which they had passed the win- 
ter — into a test-tube. They had not fed as yet, and in this 
hungry condition they were exposed to the light. The tem- 
perature of the room was necessarily more than 12°-15° C, 
as otherwise they would have crowded together and fallen 
asleep again — a state in which they react neither to light 
nor to gravity. 

Experiment 1. — If the test-tube is laid on a dark table, 
so that the longitudinal axis of the tube is perpendicular to 
the plane of the window, the animals, which are at first scat- 
tered about irregularly, all assume the same orientation. 
They creep to the upper portion of the trst-tuhe^ turn their 
heads toward the window, and with their ventral surfaces and 
their heads turned toward the light creep in a straight line 
toward the windoio side of the test-tube. The process 
requires from one to five minutes, according to the tempera- 
ture and the condition of the hibernated animals. All with- 
out e^ception^ provided they are not sickly, move in the 
direction of the rays of light to the window side of the test- 
tube. If the tube is turned about an angle of 180°, the 
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f*rtMS*BA is re J seated, the aniniale creeping t<5 the window md© 
of the glnsB just fm before* If, however, the jioeitinn of thi* 
glass remains unchanged, the animalB remaio permaoeatly 
crowded together oti the window side of the test-tube. 

E-rperimt'tii 2. — ^If the test-tube is laid on the table with 
the lomjiiudiiutl ctjci^ jinrallvl U> the 
plane of the window, (he animals ' 
gradnally scatter uniformly over the 

»whole of the iipjMT jmrt of the tul>e. 

[The lower |>ortiyn of tlie vessel is in ] 

[ «Otisequence again free from animals* 
If th# longitndinal axis of the test- 
tube lies at even a slight angle with 
tb« [»lane of the window^ the animals 
moTt^ to the efut of the tube neart'st 
the iriiii/mr, and remain there in their fiü, i 

cuötomary jMJsitioiL 

EitiH'rimcnt 3. ^The test-tube is placed perpendicular to 
the plane F of the window, and at the beginning of the 
cxjKTiment the animals are collecttHl at the window side B 
uf tlie test-tnlMT (Fig. 1). That half of tlie vessel which lies 
neareiit the window is now covered with an opaque paste- 
board box, K. The following then occurs: The animals 
»ooit appear at A on the ro<3m side of the jiasteboard box ; 
IUI soon, however, as they emerge from the \m% K into A^ 
they turn about, direct their head» toward the window^ move 
to the edge of the pastelnjard, and remain at the Iwiundary 
betw^eem the cuvered and tlie uncovered (portions of the tube, 
ftl A »ltd efljiecially at the top of the test-tube. The n^mark- 
«ble thing is that they are not difitributed eirenly over the 
whole brightly illuminated part of the test-tube. The 
explanation is as follows; As goon as the animals near the 
wioidow at B am covered by the pasteboanl, the weak ray» 
of light reflect e<l from the walls of the room fall ujion them. 
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The animals follow the path of these rays and arrive at the 
uncovered portion of the tube. As soon, however, as the 
strong rays of diffuse light fall upon them at -4, they turn 
about and direct their heads toward the window, until they 
come again under the pasteboard which shuts out the diffuse 
light. They are then again attracted by the light of the 
room, and so on, until they come to rest at the boundary 
between the two regions at A. 

At the beginning of the experiment, before the animals 
stop moving it can really be seen that they are driven around 
in a narrow circle. 

If at the beginning of the experiment the animals are 
collected, not on the window side, but on the room side of 
the test-tube at C, they move toward the window until they 
reach the pasteboard at ^. If the tube is pulled away from 
the window for some distance, while the pasteboard remains 
stationary, the animals begin to move, until they reach the 
edge of the pasteboard. 

If the tube is placed horizontally with the longitudinal 
axis parallel to the window, the animals distribute themselves 
over the whole length of that portion of the tube which is 
not covered by the pasteboard, collecting, however, always 
on the window side of the tube. 

According to the prevailing views of zoologists and ani- 
mal physiologists, the movement of caterpillars toward the 
light is determined by the animals' "fondness for light.*' 
They, therefore, move from a region of less intense light to 
one of greater intensity. That the essential feature, how- 
ever, is the direction of the rays^ and not a difference in 
their intensity,* is evident from the following experiments. 

Experiment 4. — The animals are in a glass cylinder a, 
some 8 cm. in diameter. Light can enter it from all sides 
(Fig. 2). The inside of a second test-tube 6, which has the 

I lu different parts of the tube. [1903] 
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same diameter, is covered with dull black paper, except for 
a strip about 2 mm. wide. The two test-tubes are placed 
together on a table so that their longitudinal axes lie per- 
pendicular to the plane F of the window, and the transparent 
side cd of the glass h is turned up; the animals move along 
the illuminated side cd from a to 6, with- 
out stopping at the boundary between 
them, until they reach the window side c 
of the cylinder. The total amount of 
light which strikes a caterpillar in the 
glass b, however, is less than in the glass a, 
since all lateral rays are cut oflF in the 
former and the animal is struck by rays 
of light only on its ventral side; in test- 
tube a light falls upon the animals from 
all sides, though the rays from above and 
in front are of course the most intense. The animals there- 
fore move toward the source of light in the direction of the 
rays of lights even if by so doing — to judge from human 
sensations — they are led from a '''hrighV to a ^^dark^^ 
place. 

In such an experiment no animals are found, as a rule, 
scattered over the rest of the surface of the glass h. If 
both glasses are turned around so that a is nearest the 
window side, the animals of course again move from b to a. 

The experiments described here were carried on in diffuse 
daylight. In sunlight, however, the results are the same as 
in diffuse daylight. When the glass is placed with the 
longitudinal axis in the direction of the rays, the animals 
move in the direction of the rays toward the sun and collect 
at the end of the glass which is turned toward the sun, even 
though in their hungry state they cannot bear the hit^h tem- 
|ierature. When the test-tube is placed with the longitudinal 
axis i)eri)endicular to the rays, the animals scatter over the 
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whole length of the tube, remaining, however, upon its sunny 
side. Orientation takes place more quickly in direct sun- 
light than in diffuse daylight. 

Experiment 5, — A small pencil SS of direct sunlight is 
allowed to fall on a table obliquely to the plane of the win- 

dow through the window F (Fig. 
3). Rays of diffuse daylight fall 
upon the remaining portions of 
the table. If at the beginning of 
this experiment all the animals 
are at the end a of the test-tube 
— which is so placed on the table 
that a is in direct sunlight, while 
the other half b is in diffuse day- 
light, and is nearer to the plane 
of the window than a — the fol- 
lowing occurs: 

The animals move from a 
through the pencil of direct sunlight into 6, which lies in 
the diffuse daylight, where they remain at the cup of the 
test-tube. They pass from the direct sunlight into dif- 
fuse daylight without even attempting to return into the 
sunlight. 

This experiment can be explained only by the assumption 
that the orientation of the animals is determined by the 
direction of the rays. The animal can and must follow 
the rays of diffuse light which have the direction b-*a^ 
If, as is customary with zoologists, we believed that these 
animals love the light — or, more correctly, that they prefer 
the more intense light — it would be im|>ossible to see why 
they do not remain in the direct sunlight, or at least why 
they do not hesitate to go into the diffuse light. 

From what has been said, no on4% I believe, tcill doubt 
that the direction of the progressive movements of the cater- 
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pillars of Porthesta chrysorrhcea t« determined by the 
direction of the rays of light, and not by dififerences in the 
intensity of the light in dififerent parts of space. Positively 
heliotropic animals are compelled to turn their oral pole 
toward the source of light and to move in the direction of 
the rays toward this source. 

2. The dependence of orientation on the refrangibility 
of the rays. — I shall now show that it is the more refrangible 
rays of the visible spectrum which are chiefly concerned in 
bringing about the orientation of the caterpillars of For- 
thesia chrysorrhoca. 

Experiment 1, — If we place the test-tube on a table and 
cover it with a box of dark-blue glass, the animals behave as 
if the vessel were uncovered. Without exception, they move 
in o straight litte to the window side of the vessel and remain 
there. If instead of blue glass we use red, which to our 
eyes seems much brighter than blue glass, no change occurs 
in the orientation of the animals at first ; after a long time, 
however, the animals collect under the red glass on the win- 
dow side of the vessel. In direct sunlight, however, orienta- 
tion takes place more quickly. Exactly the same phenomena 
are observed if an ammoniacal solution of copper is sub- 
stituted for the blue glass, or a solution of potassium 
bichromate for the ruby glass. This is also true in the 
following experiments, where I may not always call special 
attention to it This exi)eriment shows (1) that the more 
refrangible rnys have the same effect as mixed rays, and 
(2) that the less refrangible rays bring about movements in 
the same way as the more refrangible ones, oidy thtnr effect 
is less intense. The experiment also proves that it is wrong 
to say, as do the anthropomorphists, that the animals "are 
fond of" blue and "hate" red; for, were this true, the 
animals should have been forced to move to the room side 
of the test-tube when under the red glass, yet they moved 
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toward the window. The animals neither "are fond of" 
blue nor "hate" red, but they are like plants, simply 
positively heliotropic, and the blue rays are more effective 
heliotropically than the red. There is, as I shall state 
here once for all, no difference in direction between the 
movements called forth by blue light and red light; there 
is only a difference in the velocity and precision with which 
these heliotropic movements take place. 

Experiment 2. — The longitudinal axis of the test-tube is 
again perpendicular to the plane of the window. The small 
caterpillars are at the beginning of the experiment on the 
room side of the tube. The window half of the test-tube is 
covered with dark-blue glass. The experiment goes on as if 
the tube were uncovered; the animals move to the window 
side of the test-tube, where they remain under the blue 
cover. If the same experiment is repeated, only so that the 
blue cover is placed over the room side of the test-tube, the 
animals again move to the window, where they remain. The 
experiment proves that the more refrangible rays alone have 
the same effect as mixed light ; and the fact that the animals 
leave the uncovered {xjrtions of the test-tube to creep under 
the dark-blue cover corroborates what has already been said, 
that positively heliotropic animals move in the direction of 
the rays of light even when in so doing they pass from a 
place of greater intensity of light to one of less intensity. 

Experiment 3. — The test-tube again lies horizontally, 
with its longitudinal axis perpendicular to the window. At 
the lx»ginning of the experiment the animals are on the 
window side of the test-tube. If the window half of the 
tul)e is covered with red glass (which may seem much 
brighter to us than the blue glass of the previous experi- 
ment), immediately after the red glass has Ix^en placed over 
the animals they appear on the room side of it, and collect 
at the boundary between the covered and uncovered parts of 
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the tube. If at the beginning of the experiment the animals 
were on the room side of the test-tube, they move until they 
reach this boundary. 

We therefore get the same results by using red glass 
that we got by using opaque pasteboard in a previous 
experiment. Taken together with the preceding ones, this 
experiment proves that pre-eminently the more refrangible 
rays of mixedday light are heliotropically effective. Although, 
as we have just seen, the rays passing through red glass or a 
red solution are not absolutely ineffective, yet the weak light 
which is reflected from the walls of the room, and which 
contains some blue rays, is more effective than the diffused 
light reflected from the sky after it is filtered through red 
glass. It is for this reason that the animals on the window 
side under the red cover migrate to the boundary of the red 
screen where they are held by the rays of diffuse daylight 

Experiment 4, — If, as before, we place the test-tube with 
the longitudinal axis perpendicular to the window, and cover 
it with red glass on the window side and with blue glass on 
the room side, the animals collect under the blue glass at its 
boundary with the red glass. 

Experiment 5. — If we place the test-tube with its longi- 
tudinal axis parallel to the window, the animals scatter over 
the whole length of that part of the tube which is covered by 
blue glass. 

From all these experiments it follows that it is chiefly the 
more refrangible rays which determine the orientation of 
the caterpillars of Porthesia chrysorrha^a toward light. 

The only difference between the heliotropism of these 
animals and the heliotropism of plants is this, that the less 
refrangible rays are not so completely ineffective in the 
case of the caterpillars of Porthesia chrysorrhaa as they 
apparently are in many plants. This jxiint must, however, 
be studied more accurately with the aid of a sfjectrum. 
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3. The dependence of the orientation on the intensity of 
the rays of light — It is a peculiarity of all animal as well as 
plant structures that only external stimuli of a certain inten- 
sity can call forth reactions. It can easily be shown that at 
the approach of twilight there comes a time when the rays of 
diffuse daylight coming through a window no longer attract 
caterpillars of Porthesia chrysorrhoea. 

If the animals are between two sources of light of differ- 
ent intensities, that having the greater intensity is the more 
effective. This can easily be shown by bringing the animals 
into a room into which light enters from opposite directions. 
Other conditions being the same, the animals move to the 
window nearest them. A maximum limit for the intensity 
of the light cannot be established, as direct sunlight is in 
itself effective. Artificial sources of light above a certain 
intensity and containing the more refrangible rays affect the 
animals in the same manner as the natural sources of light. 
In a dark room caterpillars are attracted by a kerosene flame 
as markedly as moths ; the caterpillars, however, are not 
burned, because they move so slowly that they have time to 
turn back before the zone of fatal temperature is reached. 
Such animals as are attracted by direct sunlight may also be 
attracted by the candle flame, exactly as is the case in posi- 
tively heliotropic plants. 

4. At a constant intensity light acts as a continuous 
source of stimulation. — If the test-tube which is placed with 
its longitudinal axis perpendicular to the window is left 
undisturbed, the animals remain permanently on the side 
nearest the window. Under these conditions we can also 
safely open the room side of the vessel without a single 
animal changing its jxjsition or escaping from its cage. It is 
remarkable, however, that when the test-tube has been left 
undisturbed all day, the animals keep their position during 
the night. In this way I have kept animals for several days 
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in a test-tube open on the room side ; but when I turned the 
vessel through an angle of 180° in the daytime, hardly two 
minutes elapsed before all the animals had moved to the 
open end of the vessel which was now turned toward the 
window. Under these conditions they of course escaped 
from the test-tube. A position which the animals have 
assumed under the influence of light is usually not changed 
when the light is removed, unless some other stimulus comes 
into play. 

5. On negative geotropism and cantact-irritability in the 
ccUerpillars of Porthesia chrysorrhcea. — The reader may 
perhaps have noticed that in all of these experiments on 
caterpillars the test-tubes were always placed with their 
longitudinal axes horizontal. This was due to the fact that 
the animals behave like plant structures, not only in regard 
to their heliotropic, but also in regard to their geotropic, 
irritability. Just as is frequently the case in positively 
heliotropic plants, we find that the caterpillars are also nega- 
tively geotropic ; that is, they are compelled by gravity to 
creep vertically upward until they come to rest in the highest 
part of the test-tube. These experiments were made in a 
dark room, with the long axis of the test-tube in a verti- 
cal direction. If the test-tube is inverted, the animals again 
creep to the top ; if left undisturbed, the animals remain in 
the uppermost regions of the test-tube. It is necessary in 
these experiments, as in those on heliotropism, to have the 
temperature of the room at least 15°, preferably as high as 
20-22°. It is simplest to put the test-tube in one's pocket 
with its longitudinal axis vertical. In a few minutes the 
animals are found at the highest |)oint in the tube. An 
increase in temjxjrature increases the geotropic irritability 
of the animals. 

It must now seem questionable whether in our former 
discussion of the heliotropism of these animals we were 
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justified in taking as the effect of light the movements of 
the animals to the top of the test-tube ; it might, indeed, be 
a geotropic phenomenon. To decide this the animals were 
placed in a test-tube which was lined with thick black paper 
except for a strip 2 mm. wide. The uncovered strip was 
turned downward, so that light could enter the vessel only 
from below. Diffuse daylight was reflected through the slit 
from below by means of a mirror. The animals collected in 
the lower, lighted portion of the glass vessel. Their helio- 
tropism is therefore more powerful than their geotropism, 
even when only weak diffuse daylight is used. 

The geotropic experiments succeed only when the animals 
have been in the light for some time and have not yet come 
to rest. When the animals are kept in the dark for a long 
time and the test-tube is not disturbed, they do not creep 
upward. The orienting effect of the light always exceeds 
that of gravity. The effects of gravity, like the effects of 
light, usually appear only during certain periods in the life 
of the animals; at any rate, they cannot always be demon- 
strated with certainty. 

The contact-irritability of the caterpillars of Porthesia 
chrysorrhoea shows itself by the way in which the animals 
remain in the comers and convex sides of solid bodies. I 
covered the boxes in which I cultivated my caterpillars with 
large, square glass plates. These did not close the box 
tightly, so that the animals could creep out and creep iipon 
the glass plates. Only rarely, however, were they found on 
the free surface of the plates. The animals moved along the 
rough edges of the plate until they reached the window side 
of the dish. I confirmed this observation almost daily for 
months. When I placed the animals uix)n the outside of a 
cubical block, they collected by hundreds in one of the 
upper corners. Of course, only a few have room in the 
corner itself, but, as is generally the case with these ani- 
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mills, when a few hare collected in a spot the others on 
arriving hold fast to tbe sides of those already there. An 
animal at rest acts upon a creeping one as a convex edge. 
On the other kand^ I hare never observed that the animals 
within the cuhical bait collect on comMve edges* From this 
it follows that the friction of gliding over the convex corners 
m the source of the Stimulation which cooipels the animal to 
come to re&t there ; in moving over the concave comers this 
friction^ of course , does not take pkce. 

These three forms of irritability control mainly the daily 
life of the animals. We find them in great numbers in 
fniit trees and bnshes, where they pass the winter in their 
neets; as soon as the warm weather conies, they leave their 
ti^dtB. Positive helioti'opism and negative geotropism com- 
pel thi^m to creep upward to the tii>s of branches, and contact- 
irritability holds them fast on the small buds. We can 
i*risily fthow that neither smell nor a 8{>^'ial mystical 
** instinct"' leads the animals to the buds, as we are able to 
compel them by the aid of light to starve in close proximity 
tit fiKid. The animals move to the window side or to the 
tup of a test-tulie in which they are kept. If then a branch 
eover«Hl with buds is pushed into the test-tube on the room 
fiide, the animals nevertheless remain where liglit and gravi* 
tatioti have compelled them to go and are holding theni* If, 
however, tht^y oure an* on the Vmds» the latter act as a 
stimulus whiefa may lie even stronger than the light* It ia 
in (inch a cai*e itni»«J!*Biblt* tn draw the animals away from the 
food by means of light* 

All tUeee forms of irritability can best hes demonstrsted 
mi animals which have just left the nest in which they have 
»fit^nt the winter, and which have not yet eaten anything. 
As soon a» they have eaten and are abovti to moult, their 
Irritability di^reoaes, and at the time of moulting it is almost 
tin[Mj6aibh5 to show any efftx*L uf light or gravity uficm them« 
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6. The effect of temperature on the caterpillars of Por- 
thesia chrysorrhoea. — The caterpillars of Porthesia chry- 
sorrhoea behave toward a source of heat in a manner opposite 
to that in which they behave toward light ; they move away 
from the source of heat. If the animals contained in an 
opaque vessel are brought in the i^eighborhood of a hot 
stove, they leave the side of the vessel which is nearest the 
stove. Yet the heat does not compel the animals to move 
in a straight line, as they do when struck by the more 
refrangible rays of light. This directing effect of the more 
refrangible rays of the visible spectrum is greater than that 
of the dark heat rays. In this way it is possible for the 
same animal which flees from the source of the dark rays of 
heat nevertheless to move in the direction of the sun's rays 
to the sunny side of a vessel. 

It is a well-known fact that irritability in a tissue is a 
function of the temperature. I have already mentioned that 
at a temperature of less than 13° C. the animals are no longer 
afifected by light. It can be shown that heliotropic irrita- 
bility increases with an increase in temperature. If the 
animals are kept during the day in a room having a tem- 
jxjrature of about IS"*, it is found that they no longer respond 
to light when beyond a certain distance from the window. 
If, however, the temperature of the test-tube is increased a 
few degrees, the animals move the more quickly to the win- 
dow side of the tube the higher the temjierature. It can 
easily be demonstrated that the orientation takes place more 
rapidly, and that the direction of the progressive movements 
coincides more nearly with the direction of the rays of light, 
whenever the temperature is raised. If, however, the tem- 
{)ernture is increased to SO"^ or over, the animals become very 
restless; they raise the anterior ends of their Ixxlies higher 
than is usual in their movement, and so decrease the velocity 
of their progressive movements. The most suitable tem- 
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peratnre for demonstrating their heliotropic activity lies 
between 20** and 30°. 

The experiments on the caterpillars of Porthesia chry- 
sorrhoea are typical. I have repeated them on some hundred 
species of insects, but I have never found a positively 
heliotropic insect whose dependence upon light was of a 
different kind from that found in Chrysorrhoea. This 
fact has given me the impression that all animal proto- 
plasm, as perhaps all plant protoplasm, is heliotropically 
irritable, and that where this is apparently not the case 
the heliotropic reaction is inhibited, either temporarily or 
permanently, by other causes. For this reason it would 
be useless to publish here every single experiment I have 
made. This would result in repeating each time the same 
phenomena, only under the name of a different insect. 
Since there are only negatively and positively heliotropic 
animals, it would be of secondary interest to know to which 
of the two classes the individual animals belong. But I 
believe it necessary to show by concrete examples what part 
heliotropism plays in the habits and ecology of animals. 

VI. THE POSITIVE HELIOTBOPISM AND THE SLEEP OP 
BUTTERFLIES 

Our knowledge of the behavior of butterflies toward 
light has, on the whole, remained at that |)oint which is 
marked by the statement of K^aumur that "it is a singular 
fact that those butterflies which shun the daylight are pre- 
cisely those which fly into lighted chambers." The paradox 
has not yet been exi)lained why those butterflies which are 
not to be seen by day fly into the flame at night, while the 
day butterflies apparently do not i)OS8essthe tragic "instinct" 
of the night Lepidoptera. There is no lack of conjecture 
on this point. Romanes believes that the lamp is a "strange 
object" to the moths, and that "the desire to examine this 
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strange object" drives the moths into the flame. We find, 
however, that the caterpillars of Porthesia chrysorrhoea 
creep as well toward the sun as toward a lamp. Yet, 
according to Romanes, the sun ought to be a familiar ob- 
ject to these animals. Such anthropomorphic opinions as 
those of Romanes are evidently as useless in the analysis 
of life-phenomena as the speculations of metaphysicians — 
e. (/., Hegel's — on physical phenomena. A scientific analysis 
of the behavior of moths toward light leads to a very simple 
explanation of the paradox. 

Experiment L — Specimens of Sphinx euphorbisB, Bom- 
byx lanestris, and other moths are kept in a large glass box. 
The box is placed in a room into which only daylight and no 
artificial light enters. As soon as the animals begin to 
fly, at the approach of twilight or later, they collect at the 
window side of their boxes. Whenever the box is reversed 
the animals fly back to the window side. This experiment 
is rendered more complete by the following observations: 

I kept the pupas of moths in an open box. Most of 
the moths hatched at night. On the following morning I 
always found them collected at the closed window of the 
room. Here they remained all day exposed to the light. 
Finally, when I caused the moths to fly by day, I noticed 
that they flew to the window as do all other positively 
heliotropic insects. These experiments show that the 
animals are attracted, not only by a lamp, but also by 
diffuse daylight. They also show that Reaumur's idea that 
moths shun daylight is wrong. The experiments indicate 
that the animals are positively heliotropic toward diffuse 
daylight, although, as we shall soon see, this positive helio- 
tropism may during the daytime 1x3 obscured by another 
form of irritability. 

Experiment 2. — I brought some 8|)ecimens of Sphinx 
euphorbia) into a room which had a window only on one 



Bide. On the wall of the room op(>oöite tlie window I placed 
a ki*ro6ene larpp. * At the approach of twilight, when the 
Rtiiniale Ijegan to fly aljontj I brought them into the middle 
of the room^ so that they were equidistant from the lamp 
and the window^ and left them alone. They flew to the 
window. Yet, when I brought them into the iinaie<liate 
neighborhood (within about a meter) of the lamp, they flew 
into the flame* I repeated this experiment and conrinced 
myself that they always flew to oue of the two sources of 
light, either the window or the lamp ; to the latter, however^ 
only when they were in its immediate neigh borhixid. 

This eiperiment shows that the animals do nut even pre- 
fer artificial to the natural lights but that the artificial light 
sttmcts them only when its intensity is greater than that uf 
thi? diffuse daylight, which is the case at night when the 
animals are within a certain distance of the lamp, varying 
with thö iütenjsity of the flame. The hclio tropic sphere of 
attraction of an electric arc light is therefore larger than 
that of A candle flame, and the number of moths attracted by 
it eorreapondingly greater. 

Experiment 3.~lt must yet be proved that it is chiefly 

^cmly the more refrangible rays of light which determine the 

moTements of the moths. I studied the l»ehavior of Bphinx 

euphorbiiP, which began to fly at al>out 9 o'clock in tlie 

evrning* 

The animals were contained in a large box, 40 cm, long, 
thi* «pp*^!' wall of which was of glass. Whenever I turned 
the hitx the animals at once flew to the window side and 
cruwded against the upi>er glass wall through which the light 
I came. When I placed a red glass over the window aide of 
Ibo box, the animals at once flew to the ro*jm side. They 
ooUecteil at tho edge of the red glass, but on the room side 
of it, where they were not cover«?d by it. Her© they 
«ttempted to fly upward* When I used blue glass instead of 
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red, they flew under it to the window side of the box. At 
fifteen minutes past 9 o'clock they came to rest and no longer 
reacted to light. When exposed to daylight on the follow- 
ing day, they did not stir, and made no attempt to creep away 
from the light, although suflBcient opportunity was offered. 

I repeatedly established the fact that the movements of 
night butterflies are determined by the more refrangible rays 
of the spectrum on other specimens of Sphinx euphorbiae. 
It was therefore not to be expected that in lamplight any 
other than the more refrangible rays would bring about 
movements. I have convinced myself that the moths of 
Geometra piniaria are readily attracted by the light of a 
lamp when behind blue glass, but not when behind red glass. 

The night butterflies, therefore, shun neither difiFuse nor 
intense light, nor do they prefer artificial light to difiFuse 
daylight ; the correct expression of the facts is rather this, 
that most species react to light only at night, when they are 
positively heliotropic like the day Lepidoptera. We find in 
butterflies periodic variation in irritability {as in many 
plants), and these variations correspond to the changes of 
day and night. As certain flowers open their calices only by 
night, while others open theirs by day, so certain butterflies 
fly only by day, while others fly only by night. Both classes 
of butterflies, however, are positively heliotropic ; and it 
seems as if the irritability of the night butterflies toward 
light is not less, but even greater, than that of the day but- 
terflies ; for the intensity of the light which causes heliotropic 
phenomena in moths is apparently much less than the mini- 
mal intensity which stimulates day butterflies to heliotropic 
movements. 

The phenomena of sleep in butterflies are perhaps more 
complex than the corresponding phenomena in plants. One 
thing is, however, certain — that the periodicity of the noc- 
turnal movements of butterflies does not change during the 
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first two or three days if the animals are kept in the dark. 
Under these circumstances the moths become restless at the 
usual time. B^anmur showed that moths begin to fly in the 
evening when kept in a box. I must leave it undecided for 
the present whether this periodicity finally disappears if the 
animals are kept still longer in the dark. I have tried 
repeatedly to cause Sphinx euphorbisB to fly in the daytime 
by a sudden diminution in the intensity of the light. When 
I protected the animals from all jarring / never succeeded 
between 6 and 12 d* clock in the morning. Yet I was easily 
successful in the afternoon, long before the beginning of 
twilight. I will cite here several of my experiments. One 
morning I placed a Sphinx euphorbiee, which had begun to 
fly at 9 o'clock on the previous evening, on the window cur- 
tain, where it remained quietly. At 2:45 I returned it to its 
glass box, which stood in a dark comer and into which light 
fell only through a narrow slit. An hour went by, but the 
animal did not leave its place. It then moved to the light 
side of the box, without flying. I carried the animal back to 
the window, where it remained quietly. After twenty min- 
utes I returned it again to the dark box. Half an hour later, 
at half-past 4, it finally began to fly. 

The next day I allowed it to remain at rest near the win- 
dow, and it did not begin to fly until 9 p. M. at well-advanced 
twilight. On the following day I kept it in the dark box, 
and at half -past 3 in the afternoon it had already In^gun to 
fly. At noon on the succeeding day a heavy storm came up 
and it grew quite dark. The moth, which until then had 
remained quietly at the window, began to fly. I have had 
the same exi)erienco with other examples of this S[x?cies. 
These facts seem to indicate that it is jwssible to influence 
the time of waking of Sphinx euphorbite by diminishing the 
intensity of the light, but only when they would soon wake 
up without artificial interference. 
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The day butterflies are positively heliotropic like the night 
butterflies. The only striking feature is that in certain day 
butterflies the intensity of the light must be very great to 
bring about heliotropic movements. Specimens of Papilio 
machaon (which I had raised) remained at rest during the 
day at a window where they were exposed to the diffuse day- 
light and could be carried around on the finger; as soon, 
however, as they were brought into direct sunlight, they flew 
toward the window in the direction of the rays of light, 
and this with such force that they dropped down as if stunned. 
In direct sunlight they pressed themselves closely against 
the window pane. In diffuse daylight the animals, if they 
moved at all, crept toward the source of light; but in direct 
sunlight they flew toward it. My attempts to attract Papilio 
machaon by the weak light of a kerosene lamp were unsuc- 
cessful 

I will add at this point my general observations on the 
caterpillars of butterflies. I have not found these periodic 
variations in heliotropic irritability in most caterpillars, not 
even those of Sphinx euphorbiae. The caterpillars which 
I studied reacted to light at all times of the day and night. 
The caterpillars agree ^ however^ with the day and night 
butterflies in so far as they are all, without exception^ 
positively heliotropic. 

This positive heliotropism is most marked in the cater- 
pillar of the willow-borer, which lives in the stems of the 
willow where it is not at all exposed to light. Such cases 
are also known in plants. Roots, for instance, are helio- 
tropically irritable, and yet, as Sachs points out, under nor- 
mal conditions their heliotropism is of no use to them. 
They can certainly not have acquired it through natural 
selection. According to the Darwinian theory, we would 
expect that the caterpillars of willow-borers should be nega- 
tively heliotropic, or at least indiflferent to light. But the 
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behavior of an animal is merely the reBultuni of atl iis 
fttrms of irniahilitff^ and bo it may happen that an animal 
is pcisitively heliotropic even when it has no opportunity to 
make iii%e of it. The larv*© of many aaw-fliea behave just as 
tho caterpillars of Lepidoptera. I have made observations 
on the larvffi uf Nematus ventricosna, which are exactly like 
Ibofie on Porthesia chrysorrhoefi, which have been desi^ribed, 
I have not yet succeeded in demonstrating a heliotropic 
reaction to diffuse light in the indigenous pupaj, Wilhelm 
UüHer^ however, has observed effects of ligiit in S<juth 

^Ami^rican species,* The pu[«e can move at three jointa 
Only A lateral movement to the right and left is possible in 

. eome of the s jiecies ; in other sjiei-ies only a dorsal move- 
mmit of the body is {possible; in a third S]»ec3es of pupse a 

lieombinatton of lioth kinds of movementn is {K)ssible. Müller 
observeil that all three classt^s of movemeuta can be brought 
fkhmt under the influence of light* He found that scmie 
(»npa* turntHl nut only away from tlie light» Imt also toward 
it. He also found that when the animals had !)een exposed 
to thi' dark fur some time, thev *' needed some time to lit^eomi' 
Btiaceptible again to the influence of light.'* In interprt^ting 
the phcn()m**nft MtlHer follows the Darwinian idt^n, bo that 
tlie thought never occurs to him that he might be dealing 
with phenomena similar to the heliotropic phenomena of 
pbnti;. 

The negative grotropLsm of ihr Lepitlopterfh — Tlie 
movenients of very young or recently hatched animals have 
for the most part liet*n misundersttKid, because they have 
ilwnvö Im*«*!i considered a function of myt^terious "instincts*^ 

[of the animals, while th** direction of their motioas is in 
rrality determined by detinite extcrnnl forcen^ The same 
ULU^t^ which prcscriWs the cuum** of a falling slone or deter- 

■ ainefi thi* orbits of planets, namely gravitation, determines 
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also the path which a butterfly follows that has just emerged 
from the pupa case. The geotropic irritability is at that time 
especially strong ; the newly hatched animals remain restless, 
and are compelled to run about until they come to a vertical 
wall, on which they can put the longitudinal axes of their 
bodies vertically, with their heads upward. Here they remain 
quietly until their wings are unfolded. The powerful mani- 
festation of negative geotropism at the time of hatching is 
no isolated phenomenon in insects. In summer we find 
great numbers of the ecdyses of the larvae of Ephemeridaö 
on the banks of streams. They are found on blades of grass 
or steep banks, with their longitudinal axes usually vertical 
and the head upward. That gravity, and not light alone, 
plays the chief role here is shown by the fact that I have 
found the ecdyses in the same position under bridges where 
no light could strike them from above. 

This observation on the larvsa of Ephemeridcö makes it 
impossible for us to accept the idea that the "purpose" of 
the orientation of the freshly hatched imago of a butterfly 
is that the wings may unfold ; for negative geotropism 
appears in the larvae of Ephemeridae at a time when no 
wings are present. The caterpillars of butterflies are also 
negatively geotropic like the freshly hatched moths, even 
though not so markedly. Immediately after hatching geo- 
tropism is much stronger in the imago of the butterfly than 
heliotropism — a phenomenon rarely observed in the animal 
kingdom. If a freshly hatched imago is on a vertical wall, 
it does not change its orientation toward the center of 
gravity even when the direction, refrangibility, or intensity of 
the light is changed. 

What is true of the heliotropism of Lepidoptera, that it 
is most marked during certain jK^riods of their existence, 
holds good also for their geotropism. Amphipyra is ener- 
getically negatively geotropic immediately after moulting. 
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Several days later the animals assume every possible position 
with reference to the vertical. They prefer to remain on 
vertical walls, yet they will creep just as readily into hori- 
zontal folds and crevices. 

VII. THE POSITIVE HELIOTBOPISM OP PLANT LICE 

Anyone closely studying a rose covered with wingless 
plant lice will notice that they are arranged in a definite 
way on the plant. On a vertical stem they rest with the 
head downward ; on the leaves they are usually found on 
the underside, mostly on the principal veins. Here one also 
notices a certain regularity in their orientation, in so far as 
the animals on the principal vein turn their oral poles toward 
the stem, and their aboral poles toward the point of the 
leaf. The orientation of the animals seems therefore to be 
controlled by the structure of the plant, and not directly by 
external forces. 

But the plant lice do not behave on all plants as on the 
rose. On a palm, for example, I found no such definite 
orientation of the animals toward the plant, even though in 
this case also they show a preference for the lower surfaces 
of the leaves. 

Yet it might seem reasonable to suppose that light or 
gravity compels the plant lice to seek the lower surfaces of 
the leaves. I twisted several leaves of Cineraria, the dorsal 
sides of which were covered with plant lice, so that the 
dorsal sides were directed upward and toward the window, 
and fixed the leaves in this position. I watched the animals 
for two days and found by actual count that the animals 
remained at rest. I repeated the same ex[)eriment on the 
plant lice of palm leaves, but also with negative results. 

My experiments on the orientation of new-born wingless 
plant lie© were practically negative when I removed them 
from the plant and placed them in a glass vessel. Yet in 
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the older wingless animals I could notice an inclination to 
move toward the source of light. When their wings had 
sprouted, however, the orientation of the plant lice was 
extraordinarily definite. In this state they are perhaps 
the most suitable animals we have for demonstrating the 
phenomena of heliotropism. Not all species are equally 
irritable ; Cineraria afforded me the best specimens. I have 
never found a species of plant louse which was not definitely 
positively heliotropiQ. I kept the plants near a closed 
window. The animals were attracted by the sun to the 
window, where they crept upward. When the animals are 
lightly touched with the point of a pen, they fall down a 
second or two later. If a glass vessel is held under them, a 
large number of these animals can be collected in an unin- 
jured condition in a short time. I found it much better to 
work with such animals as have already flown from the 
plant, than to collect the winged animals from the plant 
itself. To obtain the winged plant lice in great numbers it 
is necessary only to allow a plant which is covered with them 
to dry out gradually. Under such conditions the wings 
grow out very rapidly. 

All the experiments which were made with Porthesia 
chrysorrhoea can he repeated with exactly similar results 
on winged plant lice contained in a test-tube. 

As in the heliotropism of caterpillars, the heliotropism of 
plant lice is determined chiefly by the more refrangible rays, 
which comj)el the animals to move in the direction of the 
rays toward the source of light. If we place the test-tube 
containing the animals on a horizontal table, they always 
move toward the source of light, whether this be lamplight, 
diffuse daylight, or direct sunlight. The orientation occurs 
the more rapidly the more intense the light. If the intensity 
of the light is constant, the plant lice, like the caterpillars of 
Porthesia chrysorrhoea, are compelled to remain perma- 
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neiitly on the side of the test-tube which id tamed toward 
the ßotirce of liglit 

If direct sunlight comes through the wimlow, and the 
tube GOBtainttig the animaLs is so plaeed that one -half lies in 
the direct sunlight, while the other half is in diffuse day- 
light, and if the latter half is nearer the plane of the win- 
dow than the former^ the animals will move to the window 
«id*? of the vessel^ like the caterpillars of Porthesia chry» 
fiorrfacea; they leave the direct sunlight and move into dif- 
fusem daylight in order to follow as nearly a^ possible the 
dirf»ction of the rays. The result is the game when the dif- 
fnse daylight first passes through dark -blue glass. The 
aiiituals are compelled to go to the window side of the tube 
QBder all conditions, no matter whether the test-tube ia 
covi^red entirely or only in part by the blue glass, or 
wbetber the blue glass is planed over the window or the 
side of the tube. The leüa refrangible rays which 
through deep- red glase are not very effective. In con- 
iiiH|t*«*iict\ if the teat-tnbe is entirely covered with red glaj^, 
the unini^b» if not very sensitive» distribute themselves 
evi*nly over tht» whole test-tube, juBt as in the dark ; or, if 
mom sonsitivH, they colltfct after a long time on the window 
side 4 if the test-tube* But even then they do not quite 
behave m under lilue glass. While under bin© glaaa tht^y 
collect in a very small area on the window side of the tnbe, 
undiT n^l gUim they occupy a niin-h larger area. If only a 
pert of the test-tul»e is co%^ered with red glass, the animals 
eolh^H at the window side of the uaicovered fKJrtion of the 
t4»t*tube, as the leas refrangible rays have only a minimal 
effiti't. When I placed a test -tub? containing highly s<'n- 
^itive plant lice on a horizontal table [>erpendicular to the 
pkne of the window, and covered the window side of the 
te^-tuliu with a hritiht^rtM glass, the anitnals collected at the 
bcmiMkry l>etween the miCN>ver4Hl wnd the covered part of the 
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tube when diflfuse daylight entered through the window. 
The more refrangible rays reflected from the walls of the 
room were more eflfective than the rays from the window 
which had passed through the light-red glass. This pre- 
vented the animals from going under the red glass. But 
when I used direct sunlight^ the animals moved under the 
red gkiss to the window side of the vessel and remained 
there. When the animals were collected at the room side of 
the test-tube lying horizontally on a table and with its lon- 
gitudinal axis perpendicular to the plane of the window, and 
an opaque cover was placed over the room side of the tube, 
while a dark-red glass was placed over the rest of the tube, 
the animals went under the red glass and gradually collected 
there on the window side of the tube. But when I placed 
the opaque cover over the window side and the red glass over 
the room side of the tube, and the animals were under the 
opaque cover at the beginning of the experiment, they did 
not collect under the red glass. The rays reflected from the 
wall of the room had lost their directing power in filtering 
through the red glass. The experiments were mtfde in the 
diflfuse light of a dark day. On a bright day the animals 
moved to the room side of the tube under the red glass. 

The rays which pass through red glass have therefore the 
same effect, only they are weaker than the rays which pass 
through blue glass. 

I have already mentioned the fact that the day Lepi- 
doptera begin to fly as soon as direct sunlight falls upon 
them, while in diflfuse light their heliotropic movements con- 
sist chiefly in creeping. The same diflference in the eflfects 
of diflferent intensities of light can be easily demonstrated 
in winged plant lice. In diflfuse light of low intensity they 
move forward by crcepiiuj; when brought into the sun they 

fill- 

To obtain a measure of the diflference in the activity of 
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rays of different intensities and refrangibilities, I measured 
the time it required for the animals in a test-tube to pass a 
line scratched in the glass, when moving under the influence 
of light from the room side of the tube to the window. 
In these experiments I used some sluggish winged plant 
lice which I had taken from a plum tree. As a rule, the 
heliotropic movements of plant lice took place much more 
quickly than in the experiment to be described here. The 
experiment was made in diffuse light on August 8, 1888. 
At the beginning of the experiment all of the animals were 
on the room side. 

The animals passed the marks as follows: 



In the first minute - 


- 11 animals 


In the second minute - 


17 " 


In the third minute - 


- 19 " 


In the fourth minute - 


21 " 


In the fifth minute - 


- 10 " 


In the sixth minute 


12 '* 


In the seventh minute 


- 13 " 



Only three animals had at this time not yet crossed the 
line. Several minutes later, at 9:20 o'clock, when the sun 
was coming through a fleecy white cloud, I made the following 
experiment in direct sunlight with the same animals. At 
the beginning of the experiment the animals were again on 
the room side of the tube. 

The animals this time passed the mark as follows : 

In the first minute - - - - 31 animals 
In the second minute - - - 36 ** 
In the third minute - - - - 23 ** 

Half a minute later the last sixteen animals had also passed 
the mark. The velocity of the movement was twice as great 
in direct sunlight as in ordinary daylight. These experi- 
ments were rei)eated and gave practically the same results. 
At 10:17 I placed the animals under a dark-blue glass. 
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This time it took ten minutes for the animals to orient them- 
selves — a longer time, therefore, than in white light. 

At 10 : 29 I covered the test-tube with red glass, and since 
I knew that in diffuse light the heliotropic movements take 
place only very slowly under red glass, I brought the animals 
at once into direct sunlight. It required seventeen minutes 
before the majority of the animals had passed to the window 
side of the mark. In diflFuse light it required an hour for 
orientation to take place under red glass ; in a new experiment 
it required twelve minutes under blue glass. 

I noticed no periodic change in irritability in plant lice 
such as that observed in Lepidoptera, but I did notice a 
decrease in heliotropic irritability, a kind of rigor when the 
animals have been left undisturbed in the dark for some 
time. 

If the test-tube remained undisturbed, the animals 
remained permanently on the side nearest the window. 
When I very carefully turned the test-tube through an angle 
of 180"* in the daytime, the animals again moved toward the 
window, even when they had been left undisturbed for 
hours. When, however, I kept the animals quietly in the 
dark, and after some hours carefully placed the tube near a 
lamp, the animals did not move from the position which they 
had maintained through the day. They seemed to be asleep. 
But when I shook the tube so that the animals began to 
move, they promptly oriented themselves toward the light as 
often as I turned the tube around. 

I found that winged plant lice are negatively geotropic 
as well as positively heliotropic, as is the case in the larvae 
of Chrysorrhcea. If the animals in the test-tube were very 
vigorous, a change in the position of the tube with reference 
to the vertical brought about a change in the orientation of 
the animals toward the center of the earth; they traveled 
upward at as small an angle as possible with the vertical, and 
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When the 



j mal 



collected at the higheBt |x)int in the test-tube. 
me fit must, of conrsa, be made in a dark nxim 
onjDiaU are first brought into the dark, the ©x[)eriDieiit can 
be repeated many times with exactly the same reBiilt ; every 
change in the f>osition of the test-tube with reference to the 
vt*rlit*al comjiels the animals to creep upward and to collect 
at the highest point in the tube. Wien, however, the ani- 
mals were kept permanently in the dark, the reaction ceased 
>n» and the animals remained motionless, no matter how 
'ten the |K)8itiou of the test-tutje was reversetL The ani- 
nials were in a sort of rigor. When they were placed on an 
inclined or vertical plane^ they moved upward. Geotropie 

I orientation occurred as soon as tht? plane made an angle of 
W with the horizontal; the geotTo]>ic movements were the 
moro certain and precise the nearer the plane apjiroachetl the 
Vertical. Wlien light fell on the animals at the same time, 
their orientation was determined by the resultant of the 

i direction of the rays of light and gravitation, in which, how- 

^Htver, the light was the stronger force even at a great distance 

P from the window, 

I The winged animals behave toward a source of heat in the 

Hptme manner as the caterpillars of Porthesia chrysorrhoeA* 
TThen I brought the animals in an opat]ue vessel into a room 
hjtviiig a tem[>erature of IS'' and placed them near a stovei 
tht?v left the side of the vessel which was turned toward the 
niovcT MB soon as its tempt^rature increased a few degreea At 

jl a temjK^rnturo of U ' the animals were so sluggish that a 
di-tinStt' reaction to light or gravity did not take placa* A 
temperature of 20-24'* is the most sniiable for the eiperi- 

I tni^ntn. When I surrounded onc*half of the vessel with a 

Iwaier^bng having a tein|ierature of 20", the other half with 
' ^ic having a tem|M3raturü of 1Ü?5 the animals moved, under 
llifs iiifluenco of lights from the warmer into the cooler areiu 
' But tliev did not move far into the latter, as their movements 
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soon ceased. Under the influence of light, the animals also 
moved from a region having a temperature of 12° to one 
having a temperature of 24°. 

VIII. THE connection BETWEEN HELIOTBOPISM AND SEXU- 
ALITY IN ANTS 

At the time of sexual maturity the male and female ants 
fly from the nest on a warm day to pair in the air. This 
"nuptial flight" is, as shown by the following observations, 
determined by a very pronounced positive heliotropism, 
which appears especially at the period of sexual maturity. 

I discovered a nest of brown garden ants in the wall of a 
house which was struck late in the afternoon by direct sun- 
light. In August, 1888, I observed that on warm days in 
the afternoon, as soon as the sun struck the wall, at about 5 
o'clock, the winged ants came out in swarms and then flew 
away in the direction of the rays of sunlight. I procured a 
large number of winged ants from such a swarm and studied 
their behavior toward light. These animals were energeti- 
cally positively heliotropic, and behaved in all respects like 
the caterpillars of Porthesia chrysorrhoea. 

When I put the winged ants into a test-tube and placed 
this with the longitudinal axis perpendicular to the plane of 
the window, the animals moved to the window side as often 
as the tube was turned around. The velocity of the helio- 
tropic movements was greater in these animals than in any 
others that I have studied. When the tube was not disturbed 
the animals remained on the window side nearest the win- 
dow. When the longitudinal axis of the test-tube lay par- 
allel to the plane of the window, the animals distributed 
themselves evenly over the whole length of the tube. When 
one-half of the tube was in direct sunlight, while the other 
half was in diffuse daylight, but nearer the window, the ani- 
mals collected in the window side of the tube, they went from 



the diriM^t sunlight into the shaile. The tlireetian ofilw rn/;«» 
mid Htit tiw dt'stributkm of the inffusitif of ihn h'tf/tf^ in tin* 
ie^t*tnfM% fherefarf\ deter mi fws the (llreclimi of the pro- 
ffn^Mive movemefds. 

The btne raffia were pre-eminenfltf effeciive. When the 
t^st-tuh© was covered with blue gl^ss, either entirely or in 
[>ftrt, the orientation was changetl in no way. When the 
tube was entirely covered with red glaas, the movements 
ot'curred more slowly. The animals finally collected on the 
wiijtiow side, but it took a long time. When the tube lay 
with the longitudinal axis perpendicular to the window, and 
the jjortion nearest the window was covered with red glass, 
the animals collected «t the boundary lie t ween the uncovered 
«ml covered parts. Diffuse daylight affected the animals 
jußt like sunlight. These facts may suffice to show that at the 
time of the nuptial flight the winged ants are energetically 
poei t i vely hel io tro ] >ic. 

Yet I found that up to the time of the nuptial Jlighi, 
lifjht hud practical If/ no effect on winged antä which tcere 
taken from the same nest, 

Aninmls which I collected after the nuptial flight also did 
not react very distinctly to light» If heliotropism was still 
pTfeent at all, it was obstcured by other forms of irritability, 
particularly ste^reotropiam. 

Tlu» nuptial flight of the ants of this nest always took 
place at about 5 o'clock in the afternoon, when the sun's 
mys fell a[)on the nest. That it was the latter condition» 
ftod not the time of day, which determined the fieriod of 
flight is shown by the fact that in other uests, which were 
reached by the suidight eurlier in th^ day, the flights took 
j»laiv cnrlier- Usually the tiight oc^eurä at alwntt nooa, when 
Ih»* Hun'a mys strike the cartli j»erpendicnlarly and the tern- 
|»*mtnn5 in relatively high. Both the males and the females 
which [ ccdlected from the swarm which had left the nest 
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late in the afternoon escaped through the window on the next 
day at any time that I freed them. The scent of the females 
therefore does not determine the nuptial flight of the males, 
and vice versa; after sunset the ants no longer flew away 
when liberated. 

I have already shown that direct sunlight or intense dif- 
fuse daylight calls forth flight movements in plant lice and 
day Lepidoptera. This also occurs in winged ants. In dif- 
fuse daylight the male and female ants move toward the 
source of light only by using their legs ; in direct sunlight, 
however, they fly. 

Sunlight, therefore, causes flight movements in ants at the 
time of sexual maturity, and this fact determines the nuptial 
flight. Immediately after copulation another form of irrita- 
bility becomes more prominent* which compels the ants to 
to crowd into crevices (to "found a new nest"). 

The connection between sexuality and heliotropism in ants 
is shown still further by the fact that at the time of the nup- 
tial flight no heliotropism can be demonstrated in the workers. 
Workers taken from the same nest as the other ants when 
placed in a test-tube moved about irregularly in it, and finally 
came to rest on the stopper, no matter in what position I 
placed the tube with reference to the window. I then placed 
several winged ants which reacted energetically toward light 
in the same tube with the workers. The workers apparently 
became now also positively heliotropic, that is to say, they 
moved with the winged ants to the window side of the tube 
whenever it was reversed. This lasted, however, only some 
ten minutes, when the workers settled again permanently on 
the stopper and were no longer affected by the light while 
the winged ants reacted to the light just as before. 

The observations of Lubbock seem to indicate that helio- 
tropism may be present also in the workers at certain periods 

J Storeotropism. [1903] 
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iu their existen(3e. In the experioieEts of Lubbock th*^ 
workers conffiine*l in the riest oot only collected iimler red 
l^lnm, but also carried their lan^ae there. The atiimals ar© 
ther^fora negatively heliotropia^ 

All these facts, however, do not yet eshanst the connec- 
tion between Bexoality and heliotropic irritability. The 
beliotropism of the mala and female ants is also diffei^ot, 
inaamtich as it requires more intense light to cause beliO' 
tTeijuc movements in females than in malei^. In iaolatin«^ 
the mates and females of the same swarm I noticed that the 
females had ceased to execute heliotropic movements before 
it seemed as if twilight had really begun. The males how- 
ever still collected on the window side of the tube long after 

iset, Ej£|*erfments with colored glasses succeeded in males 
when the light was my faint that I had difficulty in dis- 
tin^iishing the color of the glassesp On dark, cloudy days 
females showed do heliotropic reactions toward the window, 
while the males did. It harmonizes with this obBcr^'ation 
iflt on cloudy afternoons I saw occasionally winged males 
the nest» but no females. 

Ab soon as the intensity of the light had become so small 
that heliotropic phenomena were no longer produced, another 
farm of irritability apf^eart'd in the winged an Ik, esj>ecially 
in the females, namely, sterefjtropiBm. The animals then 
erowthnl into all creviees. I placed the animals in a dark 
box, and laid a small, folded piece of velvet into onecxirner 
of it. After a few moments tliey had crept into the folds of 
the velvet. With the males it took a much longer time than 
wilh the females This irritability, however, did not appear 
Oft long AS the light wa^ ^sufficiently intense to c^ll forth 
h«4iolropie phenomena. When exposed to light, the animals 
crept neither uiuler the piece of velvet ntjr iutu crevices. It 
i« very probable that a similar differeuce in heliotropie irri- 
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lability exists in the two sexes of the Lepidoptera. B^aumur 
states that in the main only males fly into the candle flame. 
From this fact, which is correct, it follows that it must 
require a more intense light to cause the females to execute 
heliotropic movements than is necessary for the males. Both 
male and female moths are attracted by sources of light 
which are stronger than the candle flame, for instance, the 
electric arc light. It is a well-known fact that the females 
fly less than the males. It is imaginable that this is due to 
the fact that the females are less irritable toward the light 
than the males. 

The diflPerence in the irritability of male and female ants 
toward light brings up the question as to whether the differ- 
ence in the development of the sense organs, particularly 
the eyes, which is often observed in males and females of 
the same species, is connected with this difference in irrita- 
bility. The males of ants have larger eyes than the females. 
But the cause of the difference in sensitiveness may lie 
deeper, as is, for example, indicated by the following obser- 
vation made by Semper : "In all species of the cave beetle 
Machserites only the females are blind, while the males have 
well-developed eyes ; notwithstanding this fact they always 
live together." * Eyes therefore develop more easily in males 
than in females even in the dark. It might be worth while 
to determine whether in these cave-dwellers the males are 
also heliotropically more sensitive than the females. 

IX. THE NEGATIVE HELIOTROPIRM AND OTHER FORMS OF 
irritability of THE LARV^ OF MUSCA VOMITORIA 

The phenomena of irritability in negatively heliotropic 
animals obey the same laws as those in positively heliotropic 
animals ; with this difiference, however, that negatively helio- 
tropic animals turn their aboral poles toward the source of 
light instead of their oral poles, and that in consequence the 

iSempeb, Die natürlichen Existetubedingungcn der Thiere^ Vol. I, p. 101. 



tliroction of their progressivö movemetiti under the inöueiice 
of the rays of light is away from the source of light. My 
ilefH'rijition of negative heliotropiBm need therüfore be but 
briet I have chosen as an example of negatively heliotropic 1 
animal» the larvie of Musca vomitoria, whitih ar© addi- 
tionally interesting in that they are compMrJtj hlimh Hetio- 
frofiiHrn in annnnls /« thrrefore a chtirttcteri^fic of their 
proiapUi^m^ and md a speeiß^ chariiekristiü of tfunr eyes; 
just ns in planlH, which ha\"e no ey**s. 

In ordt^r to study the negative heliotropism of Masca 
lan^^ it id best to take tht.* (ilmoai fiilf§ grown larvm fresh 
from the radaver on which they were reared. When the 
light, which may lie either diffuse daylight or direct snii- 
Ught according to the sensit iveness of the animals, is of the 
proper intensity, the directing influence of the rays of 
tight can be* demonstrated more beautifully in the larvae of 
the fly than in any other animal. I placed a numljer of 
ihmi} animals on a horizontal board and exposed them to 
sunligbt* This was at about 4 o'clock in the afternoon» 
when the rays of light fell obliquely through the wiudow, 
I öhut out that part of the rays which came through the 
window from above by means of blluds. As soon as the 
aüämola came into the sunlight, they were orionted with 
their oral poles toward the room, and their aboral poles 
toward thr window* They crept with mathematical precision 
in the direction of the rays. When a shadow was thrown on 
tbe board by a [»enholder, it could lie noticed that the 
Mfyimfll« moved awjiy from the light In a direction exactly 
{mrallel to the edge of the shadow. The directing force of the 
my» was so strong that the animals cre[jt closely along the t?dge 
of the shadow without crossing it. They actcKl as though 
they were imj>aled on the ray of light winch pasötnl through 
tbfir mi^^lian plane. When I turned the board around, the 
miipalti imoifHUately turned about also^ and again placed 
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their median planes in the direction of the rays. (That this 
was due to the eflPect of the light, and not a compensatory 
movement that might have been produced by the rapid 
turning of the board is shown by the fact that compensatory 
movements do not exist in Musca larvae.) 

I was able to show that fly larvae are compelled to move 
from less intense light into more intense light under the 
influence of the rays of light, just as it could be shown that 
positively heliotropic animals do not go from dark places to 
light ones, but follow the direction of the rays, even when by 
so doing they move from a region of greater intensity of light 
to one of less. I put the almost fully grown larvae into a test- 
tube and placed it horizontally on the table, with its longitu- 
dinal axis perpendicular to the plane of the window. The 
sun's rays made a small angle with the window. By means 
of a screen I arranged the test-tube so that only diflFuse 
light fell through the window upon the half turned toward 
the window, while direct sunlight fell upon the half turned 
toward the room. At the beginning of the experiment the 
animals were all on the window side of the test-tube. They 
immediately moved from the shaded part into the direct 
sunlight on the room side^ and remained there. 

Incidentally I was able to observe that the light stimuli 
which strike the oral pole of these completely blind animals 
are most important in the orientation of the animals toward 
light. When the animals crossed the boundary from diffuse 
light into direct sunlight, the reaction caused by the increase 
iu the intensity of the light did not take place until a half 
or a third of the body of the animal was in the sunlight 
(because in all phenomena of stimulation some time elapses 
between the application of the stimulus and the reaction to 
it). The animal checked its movement and turned its head 
through an angle of 90-130° from side to side. If in so 
doing the head again came into the shade, the animal 
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retamed in tu the shade ; but if this did not hapi^en, as was 
mon> usually the ease, the animal continaed its oiovement 
into tht^ ßtiulight. The animals did not always ehe<.'k their 
I movetDents in paaeing trom a shaded area into the sunlight. 
Ofirn they moved without delay from the shade in to the 
L#iiJ] light. The following observation shows that the rays of 
P^ht which strike the head mainly determine the orientation ; 
When I plaeed a fully grown animal on a board, and pushed 
tho board from the shade into the sun, so that only the head 
^jrf the animal was struck by sunlight, the larva immediately 
^^Hkced its median plane in the direction of the sun's raya 
I When» howevor, I put only the aboral pole into the sunlight, 
this orientation did not occur. Animals from which the 
tifHt few segments of the oral pole had been am|»«tated no 
longer oriented theniselves toward the light Yet little weight 
ift to be given to ^ivise^^tion ex]>eriments, which are followed 
only by an inhibition of the elfects of a stimulus. 

When I allowed the sun's rays to fall on the plane of the 
boarfl [ier|>endicularlyj the animals moved over it in all 
^^rt^'tions. As in this cast* the animals could not follow the 
PSirection of the rays of light, it had no other influeuie u|}oa 
ihem than to increase their restletssness, and no uniform 
orientation resulted. 

It could l>e shown very beautifully in these fulUgmwn 
Inrvm that essentially only the more refrangible rays are con- 
wmtn! in exercising a directing influence uj>on these animals. 
^i pla(X*d a large nnniljer of fully grown larvaa on the middle 
Hi a horizontal board in a darkened room^ and exjioot^d them 
to the BUii^B rays which made but a small angle with the 
hpfwin. Within ten to twenty seconds every animal had 
planed tta median plane in the dirtK*tion of the niys of üght, 
ajKl moved exactly parallel to the shadow of a vertical object 
which ha<i Imh^h thrown ujMm the board for conifmrison. I 
trc«U*fl a new lot of animals in exactly the same way> but 
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before exposing them to the sunlight I covered them with a 
box of dark-blue glass. Within ten to twenty seconds these 
animals had also placed their median planes sharply and 
precisely in the direction of the rays of light, in which 
direction they moved toward the room side. When I took a 
third lot of fresh animals and covered them with red glass, 
the orientation of the animals into the direction of the rays 
did not oc<;ur. They crept to the right and to the left, occa- 
sionally moving a short distance toward the source of light ; 
but even after minutes under the red glass the precise orien- 
tation of the animals, which followed under the blue glass in 
a few seconds, did not occur. Under red glass the animals 
behaved toward direct sunlight just as they did under blue 
glass toward very weak daylight That the rays which pass 
through red glass are not absolutely without effect seems to 
be shown by the fact that the animals avoided going to the 
window side, and that they finally collected at the room side 
of the board. The directing force of the red rays seems 
therefore to be limited to this, that the animals will not 
move for long distances toward the source of light. In con- 
sequence, the animals must collect ultimately on the room 
side of the vessel. 

In all the previous experiments the animals were on a 
plane board. When at the beginning of an experiment the 
animals were collected on the window side of a test-tube 
which lay horizontal and jjerpendicular to the plane of the 
window, in direct sunlight and under blue glass all the ani- 
mals turned their oral poles within ten seconds toward the 
room side of the tube. In about twenty seconds they 
migrated to the room end of the tube. When the same ani- 
mals were exposed in the same way to direct sunlight, but 
under red glass, they neither oriented themselves nor moved 
toward the room side of the tube during the next four 
minutes, even though they were very restless. 



In this cas€, therefore, just as in the case of the iJositively 
heliotropie aiiiumK it is chiefly the more refrangible rays 
whi<4i e(Tt»ct the orietitatiun of the aiiimAlä, The helio- 
tfopic mfliteace of the less refrangible rays, however, is 
umch less in the eyeless fly larvie than in any other ani- 
mals that I have studied. The animals moved in the direc- 
ticm of the rays, eveo in diffuse light, at a distance of one 
metfir from the window, but the less the intensity of the 
ligbtt the more easily did other stimuli (sueh as contact 
stimuli) cause a deviation of the animals from the straight 
line, I have often repeated these experiments in the course 
of the last two years, and have each time obtained essentially 
_<Mmilar resnlta The irritability of the animal is, however, 
at always the same; esj^jec^ially d*>es its irritability vary 
(hiring different [periods of its life, I have, however, con* 
viuced myself that the larvEü are negatively heliotropic even 
immediately after being hatched, although they do not move 
IS precisely in the direction of the rays as the fully grown 
UrTii>, 

I placed some fiy eggs on smoked glass plates and allowed 
llitm lii hatcli. As the larvm removed the soot in their 
patli, they thus registere^l gTaphi(*ally the paths they took 
frooi the eggs. The glass plates lay on a horizontal table in 
a f€K3m lighted from one side only. The paths followed by 
the Inrvm ran, almost without exception, toward the room 
side of the plates. In the few exceptions the path usually 
ran first toward the window, then bent, and went toward the 
nxim side of the phiie. It was neither a mysterious force of 
nature nor an obscure '* inherited instinct'' which dictated 
the direct ion of th*i jnovements of these animals, but oiilj 
the dire*Uicjn of the rays of light, just as gravity determines 
the orientation of the Le{iidoptera when they emerge from 
the chrysalis* 

When the diffuse daylight which struck the larva i 
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from two windows the planes of which were at an angle of 
90° with each other, the paths taken by the larvsD lay diago- 
nally between the two planes/ When I placed the plate with 
the eggs in an absolutely dark room, the paths followed by 
the larv80 ran concentrically around the nest; the animals 
had scattered equally in all directions over the plate, but, 
contrary to the behavior of the animals in the light, which 
always moved as far as possible toward the room side, the 
circle in which the animals moved in the dark was very nar- 
row. They did not leave the glass plate. The constant 
intensity of the light acts, as in the case of the positively 
heliotropic animals, as a constant stimulus which causes the 
animals to move in one definite direction (either toward or 
away from the source of the light), until some other stimulus 
intervenes, which modifies or abolishes the eflpect of the light. 
In my preliminary communication on animal heliotropism 
I mentioned an effect of light on fly larvae which I called a 
kind of anisotropy, and which I am at a loss how to in- 
clude under the other phenomena of heliotropism. The 
phenomenon under discussion appears only in intense light 
and in newly hatched or very young larvce. The phenomenon 
consists in this, that the animals^ turn their ventral surfaces 
toward the source of light without placing their median 
plane in the direction of the rays. I have never seen this 
orientation in adult larvse. When I put the animals into a 
test-tube placed with its longitudinal axis perpendicular to 
the window, and exjxjsed them to the direct rays of sunlight 
or diffuse light close to the window, the animals left the 
lower side of the tube and moved to the upper. In this the 
animals, therefore, resembled positively heliotropic animals, 
and I might have believed that I was dealing with one of 

J This exporiment was recently published by an American physiolofdst as a new 
discovery to prove that I had overlooked the importance of the iu^nsity of li^tl 
[1903 J 

a When kept in a test-tube. [1903] 
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those cases occasionally observed in plants where in light of 
great intensity the heliotropism of an organ is the opposite 
of that in light of less intensity. A closer examination, 
however, showed this not to be the case. When the test- 
tube lay perpendicular to the plane of the window, positively 
heliotropic animals contained in it moved, as we have seen, 
not only to the upper, but also to the window side of the test- 
tube. This was not the case with the newly hatched fly 
larvae. They all turned their ventral surfaces toward the 
source of light, but otherwise moved about irregularly. I 
placed the animals in a test-tube which was covered with 
black paper, except for a small slit, and let direct sunlight 
enter the tube only through the slit. The animals which were 
on the lower side of the tube left it as soon as the light 
struck their backs, and crept upward ; but no animal which 
was sheltered from the light was attracted to the upper, 
lighted side of the tube, as was the case under similar con- 
ditions in the positively heliotropic caterpillars of Chrysor- 
rhoBa. When I held the glass vertically, more animals 
collected on the window side, but they did not all creep up- 
ward, as did the positively heliotropic animals. When I 
placed the animals on the outside of a test-tube, they did 
not move upward, but collected for the most jmrt on the 
under side of the tube. This experiment was not very 
decisive, however, as the animals easily fell off the tul)e. 
These facts can be interpreted in no other way than that 
the intense light compels the fly larv© to turn their ventral 
surfaces toward the source of lighty in which condition 
they are indifferent to the orientation of their median planes 
toward the rays of light. The ventral position is assumed 
only when the animals are exposed to light. With this, 
however, the striking features of the movements of orien- 
tation in fly larvae are by no means exhausted. While the 
movements of orientation in all the other animals go on 
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under blue glass just as rapidly and in the same way as 
in mixed daylight — since in mixed daylight it is chiefly 
the more refrangible rays which are heliotropically eflPect- 
ive — the ventral orientation of fly larvsB which has just 
been described occurs neither under blue nor undei" red 
glass. In direct sunlight it took one to one and a half 
minutes before the animals were densely gathered on the 
upper side of the horizontally lying test-tube. Not one of 
these animals moved to the upper side of the tube in less 
than twenty-five minutes under red glass, or in less than 
five minutes under blue glass. 

The ventral orientation of the Musca larvae toward a 
source of light can be observed most distinctly in freshly 
hatched larvsD. As the animal grows larger, the phenomenon 
becomes less marked. The lump of eggs laid by a fly was 
distributed among three tubes. In all three tubes the animals 
immediately after hatching oriented themselves ventrally 
toward the diffuse light. I then fed meat to the animals 
in one tube and left the animals in the other two tubes 
unfed. On the next day the unfed animals were oriented 
ventrally toward the daylight, while this was not the case in 
the rapidly growing larvae which had been fed. I have ob- 
tained the same result by feeding the larvae of one lot of 
eggs with fat, while another lot was given lean meat. The 
latter grew more rapidly than the former. While those fei 
on fat were oriented ventrally in diffuse daylight, direct sun- 
light was necessary to bring about this effect in those fed oil 
meat. 

I might have doubted that this was the effect of light, 
had I not been able to prove that with a decrease in the in- 
tensity of the light the phenomenon becomes less distinct^ 
and finally disappears entirely. I do not think that the 
ventral orientation could have been the effect of heat, as the 
animals move away from a non-luminous source of heat, as 
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we shall see presently. Because of the preponderance of 
this ventral orientation, it is no easy matter to demonstrate 
the negative heliotropism of the young larvaD in a test-tube ; 
they assume the ventral orientation, and no longer trouble 
themselves about the direction of the rays of light. 

The orientation of the larvce of Muscci toward a source of 
heat. — If a Musca larva in its movements comes to a spot where 
the temperature is only one degree higher than in the sur- 
rounding area, it stops and turns its head laterally. If in 
so doing its head encounters a S[)ot with a lower temperature, 
it turns thither and continues to move in this direction. 
One can easily convince oneself of this by laying the tip of a 
finger on a spot on the outside of a test-tube containing the 
lar>'aB. The increase of temperature of the spot touched can 
be ascertained by a sensitive and finely graduated thermom- 
eter. As soon as the animal comes to the spot touched by 
the finger, it turns its head. If it does not turn far enough 
to touch a cooler spot, it continues in the old direction to the 
region of higher temperature. According to this, the stimuli 
^hich reach the oral pole determine the orientation of the 
«nimal toward a source of heat also, just as in the case of 
light. If the experimenter puts a test-tul)e containing a 
large number of Musca larvae into his pocket, where no light 
»caches them, the animals collect in a few minutes densely 
on that side of the tube which is turned away from his body. 
The same thing happens when the tube is exposed to the 
^■^ys of a non-luminous source of heat. 

If one-half of a tube is surrounded by a water jacket of a 
V^igher temperature, and the other half by a water jacket of 
*'X)om temjierature, the animals in the warmer part become 
»restless or perish ; they are not oriented^ however^ and consr- 
^twntltß Cfinnot save themselves hij moving into that portion 
of the tnlw having a lower temperature. 

In these experiments the animals were contained in a 
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long test-tube a (Fig. 4). The upper half was surrounded 
by a wide hollow cylinder 6, the bottom of which was com- 
posed of the cork stopper c, into which a fitted water-tight. 
The lower half of a extended into the hollow cylinder d. b 
and d were filled with water to a given height When the 
temperature of the water in the cylinder b was 
34°, while that of the water in d was 18°, the 
animals in the upper part of the tube became 
very restless, but did not creep into the cooler 
part of the tube. Nor were the animals oriented 
when the temperature in the lower part of the 
cylinder was higher than in the upper. Such 
FIG. 4 an orienting eflPect of temperature was observed 
only when an animal came to the boundary between the 
warmer and the cooler zones at c. In such a case the animal 
moved into the zone having the lower temperature, but not 
into the other. 

By means of diflFuse daylight, however, it was an easy 
matter to drive the animals from a place of lower tempera- 
ture to one of higher. This is jxissible because the light 
orients the animals and dictates to them sharply the direc- 
tion of their progressive movement, while the same is done 
by a source of heat only to a slight extent. It was therefore 
possible to drive the animals from diffuse light into direct 
sunlight, notwithstanding the difference in temperature. 

At low tem{)eratures, even +10°, it is scarcely possible 
to demonstrate the heliotropism of fly larvae. Heliotropic 
exj)eriment8 in these animals succeeded best at a tempera- 
ture of 20-25°. 

The orieniaiion of Muscd larvcn toward chemical stimuli, 
— If on a summer day a piece of meat is set in the open, 
blow flies collect on it in great numbers and deposit their 
eggs. There can be no doubt that a chemical stimulus 
attracts the animals and causes them to lay their eggs. 
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Decaying meftt lias the same attractive effect on the larvfo of 
fliea. If such animals are in a test-tubo containiug decaying 
m^ttt, and the tightly fitting cork is loüseniHi a Iitth;% the 
anitnals which were crawling between the meat and the ojieti 
end of the ttibe turn and go back toward tlie meat* I mois- 
tened a small area on a plate by rubbing it with decaying meat. 
1 |ilat*eil s<3me half-grown larvae which I had taken from tbe 

t in the diddle of this moist surface« They at first crept 
towmrd tbe room side of tlie plate, l>ut turned when they 
catne to the boundary of the surface smeared with the putrid 
meat, and remained within it. Not utitÜ half an hour later« 
when the spot had dried comiiletely, did they leave it. 
When I merely moistentKl a sjjot on the plate with pure 
wat4*r, the larvie did not remain on it 

When I removed the animab from a cadaver and placed 
lhf*in on a gla^s plate, and brought a [»iece of decaying meat 
into their neighborhood, the animal» crept toward it, even if 
id so doing they were obligt^d to move t^wanl the window; 
tbb occurred, however, only when the animals were in the 
ifiaQKHliate neigtiborhootl of the meat. When they were 
more than a centimeter and a half away from the meat, they 
iri*re no longer attracted by it ; they then followed the direc- 
liod of the rays of light and starved in the neighborhood of 
foixl. Animals which had not yet tasted food were also 
uttracted by the decaying meat. Fat, even when funl, 
attracted the animals only slightly or not at all ; this is very 
ireiDmrkabhs as the female flies are also more readily attracted 
meat than by fat, I often placed a |)iece of hurse fle^h 
And A piece of horse fat side by side in the sun, Ät a time 
when the flesh was covered with eggs, the fat was almost free 

i thetti. It seems» therefore, as though the sam«"! chtnumd 
fmfimulus which aitraetM the lar vir cmtacs the ßus io drpoBit 
their egg». Decaying cheese also attracted the larvce, but 
imotiia and asaafiDtida were without effect. Home volatile 
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substance must be formed in the decomposition of the pro- 
teids which attracts the Musca larvae even from a distance. 

The contact-irritability of Musca larvce. — It is a well- 
known fact that Musca larvae are inclined to crowd into 
cracks and crevices in the earth, and it is astonishing 
through what small cracks the adult larvae can slip. This 
irritability might impress a Darwinian as though the ani- 
mals wished to protect themselves from the light That this 
contact-irritability is entirely independent of their helio- 
tropism is shown by the fact that these animals crowd them- 
selves under a completely transparent glass plate, even if by 
so doing they have to move toward the light. 

The animals retain this form of irritability even when put 
into a vessel of water, in which they soon die. I noticed 
this phenomenon in feeding tritons with fly larvae. Small 
stones lay on the bottom of the vessel, and the larvae crowded 
themselves under them as eagerly and as skilfully as if 
they had always lived under them. The pemiciousness of 
this irritability in the case in question is apparent when we 
remember that it keeps the animals from reaching the sur- 
face of the water again, so that they are drowned. 

In these experiments I was struck by the fact that the 
animals, when placed under the surface of the water, do not 
swim upward and so avoid death, but swim downward. I 
cannot explain this fact. Under other conditions positive 
geotropism cannot be demonstrated in these animals. 

The posit ire hcliotropism of flies at the time of sexual 
maturity. — The fly, which as a larva is negatively helio- 
tropic, is positively heliotropic in the state of sexual 
maturity. This reversal in the sense of heliotropism in 
changing to the adult state is not uncommon. Yet it is a 
striking fact that, while heliotropism is reversed, the orienta- 
tion toward chemical substances is the same in the female 
flies at sexual maturity as in the larval state. 




Heliotkopism op Animals 69 

Positive heliotropism can be demonstrated in flies by the 
same experiments as in plant lice ; only it must be noticed 
that flies are provided with several more kinds of irrita- 
bility than plant lice, and that in consequence heliotropism 
may be obscured when other stimuli besides light come into 
play. In one experiment, for example, I observed 
that light, gravity, and heat were without effect 
on the flies, because the animals always remained 
on the cork stopper in the test-tube. Some sub- 
stance was probably on the stopper that attracted 
^®' * the flies; for when I put the animals into a flask 
with a clean glass stopper, they reacted to light. 

I am indebted to Professor Ernst Mach for a beautiful 
observation on the influence of light on the orientation of 
the house fly : 

Several years ago I accidentally made an observation which I 
have never been able to follow further. While adjusting my rotat- 
ing polarization apparatus in a dark room, by the help of simlight, 
whereby a bright quadratic pictiure a some 16 cm. across (Fi^. 6) 
was rotated three or four times per second in a circle of a radius of 
30 cm., a fly F (Fig. 6) happened to enter 
the bundle of rays XX, went through the 
whole rotation as though stunned, and fell 
upon the table. I was able to repeat this i 
experiment twice. The fly, which was appar- 
ently sound, escaped while I was giving my 
attention to something else. fig. 6 

In this case, then, the same effect was produced by rotat- 
ing the rays of light as by revolving the fly on a centrifugal 
machine.' 

1 R4dl has recently come to the conclnsion that the n^actinns of insects on a 
««QtrifoiFal machine are indeed caused by the li((ht. If this io correct, they are 
id«oiical with Mach's obserTation. [1903J 
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x. the negative heliotbopism op the larva op tenebbio 

MOLITOR 

The larvsD of a beetle Tenebrio molitor, which can easily 
be collected in large quantities, are also suitable animals 
upon which to demonstrate negative heliotropism. When 
snch animals are placed on a plate, they creep to the room 
side of it; if the intensity of the light is sufficiently great, 
they remain there. If the plate be covered with dark-blue 
glass, the result of the experiment is the same. If the plate 
be covered with red glass, the animals move in the concave 
edge of the plate both toward the window and away from it ; 
a definite orientation does not occur. Under red glass they 
behave just as in the dark ; under blue glass, just as in the 

light. 

I covered one-half of a plate with blue glass and one-half 
with red glass, so that the boundary between them lay in the 
direction of the rays. The animals were distributed equally 
over the plate at the beginning of the experiment. All the 
animals in the blue half moved to the room side of the plate, 
but none in the opposite direction; in the red half they 
moved in all directions. The animals moved from the blue 
into the red, but never from the red into the blue. When I 
covered one-half of the plate with opaque cardboard, the 
other half with red glass, so that the boundary between them 
again coincided with the direction of the rays of light, the 
animals scattered in all directions in the two halves of the 
plate. After a long time, however, the greater number col- 
lected under the cardboard. 

The experiments which have been described were made in 
direct sunlight. If on a dark day the plate is some distance 
from the window and the light is not very intense, the ani- 
mals, which at the beginning of the experiment were in the 
middle of the plate, will gradually creep toward the room 
side; when, however, they reach the shallow groove in the 
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liläte, tlitiy do not again leave it, and now creep toward the 
window also. The animala are foreed to bring the surfaces 
of their bodies as much as possible in contact with other solid 
bodies* 

These phenomena are not altered when the plate is cov- 
ered with blue glass. If, however, it is covered with red 
gbiss» the animals, even when in the middle of the plate, 
»mora as frequently toward the window as toward the room 
kmie. So far as the stereotropism of these animak is con- 
[ Gomeilt it must )je added that the aniinab collect in the con- 
[ cav0 edgBB of dark bo^tea 

It might be supposed that the function of stereotropism 
IB to prat<K!t the bodies of the auiuials from evaporation as 
far ns posaibla I covered one-half of the bottom of a box 
with a moist cloth and the other with a dry one, and, after 
putting fifty animals in each half of the box, I placed it in 
the tlark* After two hours not a single animal was found 
in the moist half of the box. The animals See from moisture 
and seek dry spots. Contact-irritability and negative heliot- 
mpfsiti determine the habits of these animaLs, wliich live 
protected frnm the light, in ßour. 

Uft* negative keh'otropism of ike kirvw of June hugs, — 
The behavior of the larvie of Melolontha vulgaris is quite 
similar t<i that of Tenebrio moliton As they move for tho 
mtM l>Ärt while lying on their aides, their orientation takes 
ptaot mther slowly ; nor do they follow in the direction of the 
Taya of light as sharply as do the animals which have 
tMH*n tlescTilie*! alxive. They flee from the light and move 
from the window to the room side of a vessel. 

Tlii' follow iiig exj^eriment, whirh also serves to give an 

idea of the time required for exiierimt^nts on Üume animals, 

labows that only the more refrangible rays are of chief 

itii(«jrtance in bringing about the heUotropic phenomena: 

AI 10:40 o'cltM-k I placed twenty-three larvj© in the middle 
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of a round plate covered with blue glass. The animals 
moved to the room side of the plate, tried to creep over the 
edge, and at 10:45 came to rest on the room side. I waited 
five minutes, and at 10:50 substituted red glass for the blue. 
The animals scattered equally over the whole plate, and at 
11 nine animals were on the window side, the rest about uni- 
formly scattered over the whole plate. I then substituted 
blue glass for the red. At 11:07 all .the animals were col- 
lected on the room side of the plate. At 11:10 I again 
covered them with red glass. The animals immediately 
began to creep over the plate in all directions. At 11:20 
twelve animals were collected near the window, six in the 
middle, two on the side, and three on the room side of the 
plate. I kept the plate covered with red glass, and watched 
to see whether after a time the rays going through the red 
glass would not also bring about an orientation. No change 
occurred in the course of the next hour. Gradually, how- 
ever, more and more animals moved to the room side of the 
plate, and at 3:30 all but five animals were collected here. 
The animals, therefore, finally show a negative heliotropism 
under red glass also. The rays passing through red glass 
are therefore similar in their effects to those which go through 
blue glass, only they are not so effective. In this respect the 
behavior of these animals corresponds with that of plants. 

The larvaB burrow into the ground. Negative heliotro- 
pism may co-operate here, but stereotropism is without doubt 
the chief factor concerned. 

The question arises whether it is not geotropism which 
causes the animals to bore into the ground, as in the case of 
roots. In order to determine this I made the following 
experiment : I filled a hollow cardboard cylinder, some 5 cm. 
in diameter, with earth. The cylinder was about 20 cm. 
high. I fastened the cylinder on a stand, with its longitudinal 
axis vertical, and brought it so near to a table that it 
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just touched two larvsD lying upon it. I also placed two 
larvae on top of the cylinder. If the animals were negatively 
geotropic, the upper animals should have buried themselves 
more quickly than the lower. But the opposite was the 
case. After forty-five minutes the lower animals had 
burrowed upward so that they were completely out of 
sight ; the upper were not buried until an hour later. There- 
fore, even though they may be negatively geotropic, for 
which I have as yet no proof, the contact-irritability of these 
animals determines that they shall burrow into the ground. 

XI. THE DISTRIBUTION OF HELIOTBOPIC PHENOMENA IN THE 
ANIMAL KINGDOM 

The exi)eriments which have thus far been described 
were carried out on insects. 

So far as experiments on representatives of the other 
divisions of the animal kingdom are concerned, I have con- 
firmed the identity of animal with plant heliotro[)i8m on 
crabs (Gammarus locusta, Cuma Rathkii), naked snails and 
worms (leeches, planarians, earth-worms and others). Experi- 
ments on infusoria are already sufficiently complete to show 
that Sachs's laws of heliotropism also hold good for them.* 

Investigations have not yet been made on Coelenterates 
and Echinoderms; Trembley's ex|)eriments on Hydra, how- 
ever, show that in their case also the relation is the same ; at 
least it seems to me that Trembley's experiments cannot \ye 
interpreted unless we assume that the progressive movements 
of Hydra are determined by the direction of the rays of 
light. 

I used the following method with aquatic animals: To 
prove that the direction of the rays determines the direction 
of the pn^ressive movement, I used a long, four-cornered 
glass box, one wall of which was made of a watch-glass. The 

I See tlie papers of Strmsburger, Enfrclmann, and Stahl cited in the intrcxluotion. 
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convex side of the watch-glass was turned outward. When 
direct sunlight fell upon the glass, the rays were focused a 
few centimeters behind the glass wall. Notwithstanding 
this fact, the positively heliotropic animals moved in the 
direction of the rays from the room side of the glass box 
through the focal point to the front of the box, although the 
intensity of the light was the greatest in the focus. This 
could be shown very beautifully in some tiny, positively 
heliotropic worms I found in the brackish water at Kiel, but 
whose identity unfortunately I failed to determine. 

Positive heliotropism is encountered more often in the 
plant kingdom than negative heliotropism. It is worth while 
to mention the fact that positive heliotropism appears to 
exist in more species in the animal kingdom also than does 
negative heliotropism. 

All caterpillars and Lepidoptera, whether they fly by 
day or night, can, according to my observations, be con- 
sidered positively heliotropic. Thus far I have tried in vain 
to find negatively heliotropic Lepidoptera or caterpillars. 
The great majority of the other winged insects are also 
positively heliotropic. 

We also encounter positive heliotropism in animals which 
live in water, and even in mud, and which therefore can 
never profit by light. I was much interested in some obser- 
vations I made in this direction on a small Crustacean (Cuma 
Rathkii) which lives on the bottom of the bay of Kiel. The 
animal can be fished out of the mud in which it buries itself 
only with a dragnet. Notwithstanding this fact, the animal 
is strongly positively heliotropic. When I kept these small 
crabs in a glass vessel and allowed light to fall upon them 
from one side only, the moving animals collected at the side 
of the vessel nearest the light. The resting animals were 
oriented, and turned their oral i)oles toward the source of 
light and their median planes in the direction of the rays. 
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When the source of light or the vessel was carefully turned 
about, the animals changed their orientation until their 
median planes were again in the direction of the rays of 
light. The directing force of the light exhibited itself here 
in the same manner as in the Euglensd in the experiments of 
Stahl. 

I next placed a small glass box filled with mud in the 
same vessel with the crabs. The animals did not scent the 
mud ; at least not one of them moved into the box containing 
the mud. When I disturbed the animals (by touching them 
with a pencil), they first swam upward and then, if I did not 
disturb them further, slowly fell to the bottom. If an 
animal happened to fall upon the mud, it immediately became 
lively as soon as it touched the mud. It burrowed into it 
eagerly, after which it was impossible to get the animals to 
react to light The other animals which fell to the glass 
bottom of the vessel remained inactive. 

Thus we see that contact with the mud had a greater 
effect than light; contact-irritability is more intense than 
heliotropism. It is in this way that it happens that the 
animal, besides being a jKX)r swimmer, lives away from the 
light in spite of its positive heliotropism. 

XII. THE DEPENDENCE OF THE ORIENTATION UPON THE 
FORM OF THE BODY 

In the introduction I have called attention to the fact that 
the orientation of an animal toward light, like every phe- 
nomenon of irritability, is determined by two factors: first, 
external causes — in this case the light — and, second, inter- 
nal causes, namely, the structure of the animal. 

So far as the structure of the animals is concerned, we 
are dealing in this paj)er exclusively with animals whose 
bodies consist of two morphologically symmetrical halves, 
and which have morphologically different ventral and dorsal 



A 



76 Studies in General Physiology 



surfaces and morphologically different oral and aboral poles. 
We disregard all other detailed morphological peculiarities, 
because those mentioned suffice to explain the orienting 
movements of an animal, as they do for the movements of 
plants. The distribution of irritability on the surface of 
an animal corresponds to the above-mentioned morphologi- 
cal relations. Elements at the surface of the body sym- 
metrically situated with reference to the median plane have 
equal irritabilities. This condition compels the animal to 
orient itself toward a source of light in such a way that the 
rays of light strike the symmetrical points in the body at 
equal angles; this is the case when the animal places its 
median plane in the direction of the rays of light. Points 
on the dorsal or ventral surface equidistant from the 
median plane have unequal irritabilities, the irritability 
being in general the greater the nearer the points are to the 
oral pole. In the same way, the irritability of a dorsal ele- 
ment is different from the irritability of the opposite ventral 
element. If these assumptions regarding the connection 
between irritability and the main structure of an animal are 
correct, it follows, without further discussion, that an animal 
with bilateral symmetry is compelled to place its median 
plane in the direction of the rays of light and to move in 
this direction either toward or away from the source of 
light. We must therefore prove that the described distribu- 
tion of irritability on the surface of an animal is not fiction, 
but reality. 

1. Tfie oral pole of an animal is more irritable heliotropi" 
calhj than tlir aboral polr, no matter whether the animal 
has eyes or not. 

I have already mentioned that the blind adult Musca 
larva immediately places the entire median plane of its body 
in the direction of the rays of light when sunlight strikes only 
its oral pole. When, however, the oral pole remains in the 
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shade, while the aboral pole is exposed to the sun, the ani- 
mal does not bring its median plane into the direction of the 
rays of light and does not move in this direction^ although it 
may become very restless. Light therefore prescribes the 
direction of the progressive movements in these animals 
when it strikes the oral pole, but it does not have this effect 
when the light falls only upon the aboral pole. 

I have already called attention to Engelmann^s observa- 
tion that Euglena viridis reacts clearly only when the light 
falls upon the oral pole. Euglena viridis possesses a pig- 
ment spot at this pole which is called the "eye-spot." 
Physiologically this expression is a very unhappy one, as we 
do not know that this spot has anything in common with the 
ftmctions of our eye. Engelmann, however, expressly states 
that the most sensitive spot of the Euglena is not the pig- 
ment spot, but the colorless protoplasm lying just in front of 
it. 

The earthworm has no eyes. Hoffmeister found that the 
animals recede from the light when the anterior end of the 
body is illuminated. If, however, the oral pole is shaded 
and the rest of the body is illuminated, no effect is produced. 
Darwin repeated and corroborated this experiment.' 

Fresh-water Planarians have eyes and are negatively helio- 
tropic, but their sensitiveness to light is not very great. I 
cut Planarians in two in the middle. The oral piece reacted 
to light soon after the o|)eration, just as the whole animal. 
Not once, however, did I see indications of a heliotropic 
movement in the aboral piece before regeneration had 
set in' (which is very complete in these animals), even 
though the aboral piece was by no means inactive, but crept 
around very energetically in the glass and reacted prom[)tly 
when touched. When I placed both pieces on the window 

1 Darwin, Die Bildung der Ackererde durch die ThAtigkeit der iramier, trana. 
byCASUH, 18K2,pi>.llfr. 

'lolMerred differont facts in an American freüh-watcr Planarian. [1908] 
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side of the vessel, the oral piece moved toward the room 
side, but not the aboral piece. When the oral piece moved 
from the room side toward the window, it soon turned about. 
Under similar conditions the aboral piece continued to creep 
until it reached the window. When the vessel containing 
the animals was carefully reversed, the aboral animal was 
not affected, but the oral animal immediately moved toward 
the room side. 

It can easily be shown that in leeches the head, which 
contains the eyes, reacts more energetically toward light 
than the aboral pole. If some small stones are lying on the 
bottom of a beaker which contains such animals, and the 
vessel is suddenly illuminated, the animals push their heads 
under the stones, while the aboral pole remains at rest even 
though exposed to the light. It is astonishing to notice 
how long after the illumination the reaction appears. It is 
not unusual for thirty to seventy seconds to elapse between 
the illumination and the beginning of the movement. Hoff- 
meister observed a still longer latent period in the case of 
the earthworm. It would be unnecessary to show that in 
animals which possess eyes the oral pole is more sensitive 
toward light than the aboral. We may therefore accept it 
as certain that the oral pole of an animal is more sensitive 
toward light than the aboral, whether the animal does or 
does not possess eyes. 

In consequence of this fact, it is difficult for an animal to 
move perpendicularly or obliquely to rays of light emanating 
from a sufficiently intense source, for, as the oral pole is 
more sensitive than the aboral, the former must turn more 
energetically toward or away from the source of light 
(depending upon whether the animal is [X)sitively or nega- 
tively heliotropic) than the aboral. 

2. The heliotropic irrifability is also different on the 
ventral and dorsal surfaces of a dorsiventral animal. To 
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tDT kiiowtedge, no obeervatiaoB on this subject ha^e as yet 
been made on animals. 

Planarians and leeches afford an example of the differ- 
ence between dorsal and ventral irritability. In leeches the 
ventral surface, which has no eyes, is more sensitive to light 
than the dorsal surface* It has already been said that this 
animal leaves the dorsal side of its aboral pole exposed to the 
light, if only its bead is protected from the light. Such 
L ,.miiimitls stick to the eide of a l>eaker, so that their ventral 
r »nrfaces, which carry the suckers, are directed outwarcL If 
diffuse light of a sufficient intensity falls upon the ventral 
turfaees of the animals, most of them leave the window and 
move to the room side. The animals then turn their dorsal 
snrfaceB to the light. 

In this case, as in all the others, only the more refrangible 
rays are chiefly active, Wlien the animals are covereil with 
fi?d glasg, orientation does not follow, or only after some time. 
If blue glase is hc^ld over them, the orientation takes place 
just as in diffuse daylight. 

The difference iietween the irritability of the ventral and 
the iliirsid surfaces of don^ivi*ntral animals is tli ere fore com* 
parable with that between the oral and the aboral poles, 

3. Tin* dep*ndt*ni:e uf the irritability of a dorsi ventral 
Animal on the symmetry of its bfxly must yet be discunsed. 
Tho*H' elements of the liody of a dorsi ventral animal which 
occupy symmetrical positions with reference to the median 
pbue have equal irritabilities. 

The facts which prove this are to such an extent objects 
of daily exjierience that a brief allusion to them will suffice. 
If a touch on one side of the aiiiuud calls forth a movement 
hi the left, then the same stimulus applied to the opfjosite 
nmrnetrifral sjicjt on the l>otly will cauBe the same amount of 
iDoremeiit to the right. An object appearing in the right 
Geld of virion cauai^ the same amount of movement as one 
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app(»aring in the left at the same distance from the median 
plane. In short, we can say that the symmetrical plane of 
an animal from a morphological standpoint is also the 
symmetrical jüane from a physiological standpoint. 

This distribution of irritability on the surface of an 
animal determines the orientation of dorsi ventral animals 
toward a source of light. If the median plane lies in the 
direction of the rays of light, the symmetrical points of the 
surface of the animal are struck by the rays at an equal 
angle. The effects of the stimuli on the right and left halves 
of the body annihilate each other, since they are equal in 
intensity and op|)osite in direction. The light can therefore 
produce no tendency to turn to the right or the left. When, 
however, the median plane is oriented obliquely toward the 
source of light, unequal forces act upon symmetrical ele- 
ments, and a tendency to turn must arise which continues 
until the median plane coincides with the direction of the 
rays of light. 

This dejiendence of irritability on the form of the body 
causes Musca larvie to move away from the source of light 
prtH'isely in the direction of the rays, and plant lice to move 
just as precis*»ly in the direction of the rays toward the 
sourct* of light. The heliotropic movements of an animal 
are therefore de|KMident on the symmetrical relations of its 
UhIv, ill tht» same manner as was shown by Sachs to be the 
case in phmts. 

Ti> show how far these conceptions of heliotropic phenom- 
ena in animals differ frtmi the prevailing notions on the 
subjivt. esjHH'ially tlH>st» of the Darwinians, I shall give the 
views i>f Riunanes i»n this subjWt. Rt)manes mentions the 
well-known facts that insivts of all kinds fly into the flame, 
that many binls an^ attracttnl by the light of lighthouses, 
anil tishes by the lanterns. He explains the phenomenon as 
follows: ** The hahit muiii Ih' idirihuitil to mere curiasityy or 



tle»ire to i'O'umhte the iiew and sfrikint^ ohjf*eff^ and then 
q notes Bome remarks which he found in tho nianuscriptö of 
Darwin: ''Qui^ry: Wliy do moths and certain giiids fly into 
candles, but not into the moon when the same is at the bori- 
SBi>n y I notteeil long ago that they fly much less fre<|uently 
into candli's on a moonlight night. When a cloud passes 
over the inüon, they are again attracted by the candle," 
Romanes believes that: "T/t<? anstüer musi be thai the mmm 

KU familiur ohject^ whiek ifi3t*c{s consitU'r' as a matU'T o/ 
irst\ find so hare no desire to ej^amine lY/' 
As we have seen, it is not the **new and striking*' objei^t 
and "the desire to examine it" which drive the insects to 
tht» lampf for they are attracted, as I have shown, also by 
Iho natural 80un*e of light, the sun* No reason seems to 
nisi to my mind for believing that the moon is a more 
^uziiliar object to the insects than the sun. I cannot well 
loe, however, how Romanes harmonizes the phenomena of 
le^aitve ht^llotropism in animals with 'Uhe desire to examine 
inrmnitiar objects/' The history of science has taught ns 
»bat confusion always reigns when anlhrni>omorphic motives 
iT^ brought into scientific research. Before the time of 
äalileoabody sinking in a flaid '*sought its[ilaoe,"' Galileo 
kiid his followers put an end to the sovereignty of this 
ißjfAology, at least in iunnimate nature» Mankind has had 
fa wmuon to regret this revolution. In biology, however, 
*wi»ii at this date, proto(tlasmic substances still move toward 
k^e sotin*« of light '^ bec^UiM? of curit^ity/' 






XUU srMMAßY OF fiE.SULTS 

I flhftU cxjnclude by summarising the more im[K>rtatit 
\i» of my investigation : i 

The dejiendenco of animal movements on light is in 
y inAni th« same as the dt*[>eiulencc of plant movementd 
m smmm source of stimulation. 
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1. The direction of the median plane, or the direction of 
the progressive movements of an animal, coincides with the 
direction of the rays of light.' 

2. The more refrangible rays of the visible spectrum are 
exclusively or more effective, than the less refrangible 
rays, in causing the orientation of the animals, as is also 
the case in plants. 

3. Light of a constant intensity acts as a constant stimu- 
lus in animals as well as in plants. 

4. The intensity of the light is of importance in animal 
heliotropism, in so far as only light of a certain intensity can 
cause heliotropic movements, and in so far as with an increase 
in the intensity the orientation of the animals toward the 
source of light becomes more exact. Direct sunlight causes 
winged insects (ants, Lepidoptera, plant lice, etc.) to fly, 
while diffuse light usually causes them only to creep. Posi- 
tively heliotropic animals will move toward the source of 
light, even if in so doing they go from places of greater 
intensity of light to places of less intensity ; negatively helio- 
tropic animals move away from the source of light, even if 
in so doing they pass from regions of less intense light to 
regions of greater intensity. 

5. Heliotropic movements occur only between certain 
limits of temperature. An optimum temperature lies beween 
these two limits at which the heliotropic movements occur 
most rapidly and precisely. This holds true also in plants. 

II. The orientation of an animal toward a source of light 
depends on the form of the Ixxly, just as the orientation of a 
plant to light dej)ends on the form of the plant. 

1. Symmetrical points on the surface of the body of dor- 
siventral animals jwssess equal irritabilities.^ 

1 If there is only a siu^lo source of li^ht. If there are two sources of lifl:ht of 
different intensities, the animal is oriente<i by the stron»fer of the two lifsrhts. If their 
inten>ities b<» e<iual, the animal is oriented in such a way as to have symmetrical 
points of its b<Kiy struck by the rays at the same anfrle. ( VMQ] 

^Riual in ma^nitudo, not in direction. [1Ü03J 
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2. The heliotropic irritability of the oral pole of an ani- 
mal is difiFerent from the irritability of the aboral pole, and 
is generally greater than the heliotropic irritability of the 
aboral pole. 

3. The irritability of the ventral surface is difiFerent from 
the irritability of the dorsal surface. 

These three conditions taken together cause dorsiventral 
animals to place their median planes in the direction of the 
rays, and to move toward or away from the source of light in 
this direction. 

4. Eyeless animals (such as the larvae of Musca vomitoria) 
behave in this respect like animals having eyes. 

III. The heliotropic irritability of an animal manifests 
itself frequently only at certain epochs of its existence. 

1. In winged ants this epoch is the time of the nuptial 
flight. 

2. In plant lice it is the time when wings are present 

3. In the larvae of Musca vomitoria negative heliotropism 
18 most prominent when they are fully grown. 

4. In 1^ large number of animals the sense of heliotropism 
18 of the opposite kind in the larval and the adult states. 

5. Both the night and day Lepidoptera are positively 
heliotropic, and their heliotropism is similar to that of every 
other positively heliotropic animal. The period of sleep of 
the night Lepidoptera, however, falls in the daytime, and 
only for this reason is their heliotropism manifested exclu- 
sively at night. 

IV. In many animals heliotropic irritability is connected 
with sexuality. Aside from the nuptial flight of ants, the 
fact must be mentioned here that in ants and Lepidoptera 
the males are heliotropically more sensitive than the females, 

V. The behavior of an animal depends on the sum total 
of its different forms of irritability. In this way it may 
happen that Cuma Rathkii and the caterpillars of the willow. 
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borer, which live in the dark, are positively heliotropic with- 
out deriving any benefit from this form of irritability. 

VI. There is one form of irritability widely distributed 
throughout the animal kingdom, which has been studied but 
little, and which can easily be confounded with negative 
heliotropism. It consists in many animals being compelled 
to orient their bodies against the surfaces of other solid 
bodies in a certain way, or bringing their bodies in contact 
with other solid bodies on as many sides as possible (stere- 
otropism). Certain animals seek only the concave corners 
and edges of boxes (Forficula auricularia, ants, Amphipyra, 
the larvae of Musca vomitoria, etc.); while others fasten 
themselves only to the convex edges and comers (caterpillars 
of Porthesia chrysorrhcBa). 

VII. A non-luminous source of heat may influence the 
orientation, but generally it is not able to prescribe the direc- 
tion of the progressive movements of animals. In this way 
it happens that animals which move away from a source of 
heat may be forced by the light to move from diffuse light 
into sunlight, and to remain exposed to the high temperature 
of the sunlight, even though this may cause their death. 
The influence of a non-luminous source of heat can best be 
compared to the influence of a weak source of light, which is 
just sufficient to hinder a negatively heliotropic animal from 
going toward the source of light, but is not sufficient to force 
the animal to move accurately in the direction of the ray& 

We have yet to draw a conclusion from the results of these 
experiments, which could not be formulated until now. We 
have seen that the heliotropic movements of animals possess- 
ing a nervous system are determined in all respects by the 
same external conditions and dei)end in the same way on the 
external form of the body as do the heliotropic movements 
of plants, which have no nervous system. These heliotropic 
phenomena cannot therefore depend upon specific character- 
istics of the cent nil nercous sfjstem. 
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XIV. addendum: some furtheb experiments on the 

GEOTBOPISM OF INSECTS 

As I have several times had occasioa in this volume to 
mention the influence of gravity on the orientation of ani- 
mals — a subject which in this form has not yet been discussed 
in physiological literature — it may perhaps be desirable to 
add a few further facts on animal geotropism. I must say 
beforehand, however, that my experiments in this field are 
not yet completed, and that I intend to return to this sub- 
ject 

1. I have found that caterpillars (for example, Bombyx 
neustria) when placed in a hollow vessel creep vertically 
upward. When we wish to pour such caterpillars out of a 
Vi*8sely we employ a method opposite to that used in pouring 
out a liquid ; we must hold the mouth of the vessel upward. 
When such caterpillars are contained in a glass vessel, the 
diflFuse daylight entering from above in itself would bring 
about this effect ; I therefore made this experiment in 
wooden vessels. When the opening of the vessel was 
directed downward the animals crept upward, and not an 
animal escaped from the vessel Geotropism, however, like 
heliotropism, is especially evident only at certain epochs in 
the life of the animal ; for the geotropic experiments were 
not at all times successful even in the same animals. 

2. Small beetles, particularly Coccinella, which can always 
be procured with ease in great numbers, were placed in a 
wooden box, and to protect them from the effects of light I 
put the box in a dark closet. The animals, which were at 
first scattered over the whole box, were found the next day 
collected at the highest point in the box, on the upi)er side, 
where they remained. When I turned the box about, they 
changed their orientation and moved again to the top. The 
behavior of CoccinellidfiB and other beetles ({)articularly leaf 
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beetles) is somewhat remarkable, as many other animals, such 
as caterpillars, plant lice, etc., do not react geotropically 
after they have been kept in the dark for some time. 

3. Another phenomenon can be observed in Coccinellidae, 
to which I have already referred in my former paper on the 
"Orientation of Animals toward the Center of Gravity of the 
Earth." * Cockroaches, for example, usually assume a position 
on the vertical walls of boxes ; they never remain for any length 
of time on the horizontal bottom, where their ventral surfaces 
are turned toward the center of gravity. If, for example, 
the roaches are scattered about on the four vertical walls of 
a box, and the box is carefully and slowly turned through an 
angle of 90° on a horizontal axis, only those animals whose 
ventral surfaces are turned toward the center of gravity in 
the new position begin to move. They leave the plane on 
which they were up to the time the box was turned and again 
seek a vertical plane from which to suspend themselves. Yet 
the animals on the other three vertical walls remain at rest 
while the box is turned. This seems to indicate that the 
animals cannot turn their ventral surfaces toward the center 
of gravity for a long time. Whether this means that the 
animals' extremities can bear the pull of the load of the body 
better than its pressure, I cannot say. The same phenome- 
non is also observed in Coccinellidse. If the box is placed 
obliquely, the two oblique planes on which the €uiimals turn 
their ventral surfaces toward the center of gravity are first 
abandoned. 

4. Aside from the peculiarity which has been mentioned, 
the CoccinellidaB, like roaches, are found hanging on walls 
in all possible orientations toward the center of gravity of 
the earth. Great ditferences are therefore found in this 
regard also, for there are animals (such as the newly hatched 
Lepidoptera) which put the meduin plcDW of their bodies in 

KSifzungghcrichte der Würzburger physikaliach-medicinitchen GeitelUchaft^ 188ft. 
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the direction of the vertical ami turn their he€idB upward. 
There nre^ howet^et% also animals which orient themselres in 
e^ractl^ the reverse jmmner ami turn their heads downward. 
To this class belongs the garden spider, which we find bang- 
ing in this [xjflition in the center of its W€?b for hours, I 
found the same behavior in ont^ of the Diptera, which I have 
not yet clarified. 

3, If a beetle or a house fly (fiom which the wings have 
lMH?n removetl) is placed on the disk of a centrifugal machine, 
, which is rotated slowly, the insect turns its body around the 
axis, but in an opfK>site direction to that of the revolv- 
ing plate. 

If the velocity of the machine is increased, theHe comjien- 

satory movements cease. These animals therefore behave in 

teapeci exactly as Mach claims vertebrates behave which 

y a labyrinth,* Bnt while the movements of vertebrates 

Dtintie for some time after the movement of the centrifugal 

chine has ceased, bnt in a sense opposite to those occur' 

ring during rotation, I have never been able to bring about 

p tli609 CJOtti[»ensatory after-movements in insects,' 

6. When one hemisphertf of the brain of a house fly is 

nnnaved the same disturbances iu orientation appear as after 

f operation on a rabbit. The fly from which the left 

iief]iis|ihere has been removed moves continual ly toward the 

hritjhi in its progr^sive movements. These deviations are 

ler or less according to the success of the operation, I 

in an earlier [mj^er that the tnrn-table reactions of 

log» and rabbits di*prived of a hemisphere might be nnsym- 

metrjcaL If a fly which has lost the left half of its brain is 

»laced on a rotating disk, we find that on turning the disk 

^iii the direction of the bands of a watoh as seen from above, 

tTlk«nb«^rratif>fL'< of Lrofi «nd f>r Bidt ittggf^^t tho pcHMlbiiity thnt ttir^r phiv 
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the fly makes slight or only weak compensatory movements 
Yet when the disk is turned in the opposite direction the fly 
reacts very promptly (apparently even better than before the 
operation). After destroying both hemispheres or ampu- 
tating the head I no longer obtained compensatory move- 
ments in the fly. The experiments of Mach show that the 
compensatory movements of vertebrates emanate from the 
head ; according to Mach, the labyrinth is to be considered 
the essential organ. Such an organ, however, does not 
exist in the head of a fly. 

7. If the halteres are removed from a fly, it can no longer 
fly upward ; in the attempt to fly it immediately falls to the 
ground, where it frequently tumbles about. Gleichen- 
Russwurm established this fact during the last century. I 
found that such a fly reacts normally on the centrifugal 
machine. The destruction of the halteres does not there- 
fore have the same effect as the destruction of the labyrinth 
in frogs, birds, or mammals, in which, according to the 
experiments of Högies and Schrader, compensatory move- 
ments cease when the labyrinth is destroyed. The conjec- 
ture expressed by others, and by me in my first publication, 
that the direction of sound has an influence on orientation 
has thus far led me to no new facts. 

8. I have not yet been able to demonstrate compensatory 
movements on the centrifugal machine in caterpillars, Musca 
larvaö, and snails. 



II 



FÜRTHER INVESTIGATIONS ON THE HELIOTROPISM 
OF ANIMALS AND ITS IDENTITY WITH THE HELI- 
OTROPISM OF PLANTS' 

In a former paper I showed that the dependence of 
animal movement upon light is identical with that of plants 
on the same source of stimulation.' I showed that the law 
put forward by Sachs for the heliotropism of plants, 
namely, that the direction of the rays of light deter- 
mines the orientation, holds good also for animals. Free- 
moving animals are compelled to execute their progressive 
movements in the direction of the rays of light, as is the case 
with the swarm-spores of certain AlgSB. It was further 
proved that the more refrangible rays of the visible spectrum 
are the rays that are solely, or at least chiefly, effective in 
bringing about the movements of these animals; as is the 
case in the heliotropic movement of plants. After I had 
proved the identity of this relationship point for point, I 
believed it permissible to designate these reactions of ani- 
mals by the same term as that used for the identical reactions 
of plants, namely, '' heliotropism.^' 

At that time, however, I had proved this identity only in 
the case ot free-inoving animals. The task still remained to 
ascertain and investigate the influence of light upon the 
orientation of sessile animals, and to decide whether the 
influence of the light is in this case also similar to that upon 
sessile plants. It is known that in plants the direction of the 

1 PMoer» Archiv, Vol. ILVII (1S90), p. S91. 

s Part I, p. 1. See also Loeb, Sitxungtberichte der Würxlmroer phygikalUch- 
wtedicini9eken OtmUachaft (1888) ; Groom und Lobb, BioloffUches Centralblatt, Vol. X 
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light rays determines the orientation of the organs of the 
plant. It is characteristic of the organs of sessile plants that 
heliotrapic curvatures are produced when the plant is illu- 
minated from but one side. A growing stem continues to 
bend when illuminated from one side only until the growing 
tip lies in the direction of the rays of light. Progressive 
movement in the direction of the rays of light, which is the 
rule for free-moving animals and plants, is of course impos- 
sible for sessile organisms. Everyone who has cultivated 
flowers in a room has no doubt observed the heliotropic 
bendings in the plants. The question now arises whether 
these heliotropic curvatures can also be produced in sessile 
animals when illuminated from one side only. I shall show 
in the following pages that this is, indeed, the case. 

I 

1. The experiments described here were made on the large 
marine Annelid, Spirographis Spallanzanii. It lives in a tube 
which is quite flexible, yet sufliciently rigid to keep the ani- 
mal in a definite position. The tube is formed from the 
secretions of the animal. The aboral end of the tube is 
fastened (by a secretion) to stones or other solid objecta 
The gills of the animal, which are arranged at its anterior 
end in several spiral turns radial to the longitudinal axis of 
the animal, are usually found unfolded and projecting beyond 
the o[)en end of the tube. As the tube is almost impervious 
to light, the latter will act chiefly upon the gilb. So far as 
we know at present, the animal has no eyes. 

The animal can move freely inside the tube, the inner 
surface of which is perfectly smooth, and can be removed 
from it without the slightest injury by cutting open the tube. 
I have occasionally seen the worm leave the tube of its own 
accord, when the water in the acjuarium became bad. 

The layman seeing these animals in the tubes with their 
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fills fully unfolded takes tbeni at Hrst for i>laiitß Ij^aring a 

[pelin-like crown (the gills) up<jn a lung naked stem (the 

ibe), A slight jai% however, e a usee th© aiiiniak to draw 

thi^ir gills ra[iidly to to the tubes, 

Wlieu the animal Ib taken from the sea and kept in as 

^aquarium, it is at first indifferent to the tight. This con- 

pUniiee until the animal han attached itself by its foot to the 

bottom of the aquariuoi' — ^a period often of several days. As 

flfi this luiH taken |>lace, however, the orienting influence 

fot tilt* li^ht iM^giuB to be uoticeable. If light falla upon the 

animal fnim one side only, helmtropic curvtäurm make their 

QpjMttrfinre in ihe fnbt\ The animal turns ih vml pole 

taward Ihr source of light and bemh its ti4be nntil thr axis 

fpfH» radial It/ i^j-pamled gills lies in the direetion of the rtt*fs 

of tight. The animal maintains this orientation as long as 

Ltlio tlirt'rtimt of the rays of light remains unaltertnl. 

2, To test more accurately to what client the din^limi of 

the ravB of light determines the orientation of the animals, I 

ptit them into an aquarinm which stocKl at the window, and 

irhicli could !>© campletGly eereent^d from the light by a zinc 

IsQX. The outlines of the aquarium are indicated in the 

^mwings (Figs, 7 and 8) by black lines, the outlines of the 

sdiie box by dc>t(ecl lines. The wall abed of the zinc Ixjx 

^puuld Iw moved vertically upward^ so that the amount of 

light t*ntering the aquarium could be regnlatetL Tht? zinc 

fcox, the walla of which were piiinte<l black on the inaide, 

I BO place«! over the aquarium that the movable wail was 

the window mdm of the aquarium. If this wall was 

«-ml^d only »lightly, as shown in Fig, 8, the rays entered 

^he aquarium almost horizontally* When it was drawn 

ffartiier up, na in Fig. 7, rajs entered from above in addition 

%41 the horizontal rays» These were more inteuöe than the 

rmj» entering horiisontally. 

On Deceml»er 14, 1S8U, I put nine vigorous specimens of 
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Spirographis Spallanzanii, each about 15 cm. long, on the 
bottom of the aquarium, with the longitudinal axes of their 
tubes perpendicular to the plane of the window. Eight of 
them lay with their oral poles toward the room side efgh 
(Fig. 7) of the aquarium ; one with its oral pole toward the 
window side. The first two days passed without any change 




FIG. 7 

in the orientation ; the animals first attached the aboral ends 
of their tubes to the floor of the aquarium. In the course of 
the third day the tubes of six of the animals, which were 
placed with their oral pole toward the room side, began to 
bend in an almost horizontal plane, the concavity of the curt*- 
ature being directed toward the tvindow. The other two 
animals, which had likewise been placed with their heads 
toward the room side, first elevated the head end and then 
curved the tube concavehj toward the trindow. Finally, the 
ninth animal, which I had placed in the aquarium with itf 
head toward the window, raised its head a little. 
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Within the next few days the six first-mentioned animals 
further elevated their heads, so that the €uiimals on Decem- 
ber 22 — eight days after being placed in the aquarium — 
were all similarly oriented toward the light. Tlie head was 
directed toward the windotc, and the axis of symmetry of 
the gills which were exposed to the light lay in the direction 
of the more intense rays of daylight which entered from 
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without and above, I waited to discover whether this orien- 
tation would last. The aquarium remained undisturbed 
until February 16, 1S90 ; that is, for more than two months. 
The animals also did not change their positions, as indicated 
in Fig. 7. 

3. On the afternoon of February 17, 1890, the aquarium 
was turned 180° about its vertical axis, and the zinc box 
was again inverted over the aquarium so that the movable 
^nd was directed toward the window. By turning the 
aquarium around in this way, the heads of the animals, 
^hich had been until then dirt^cted toward the source of 
light, were suddenly turned toward the room side of the 
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aquarium. My object in turning the aquarium around was 
to see whether a change in the direction of the rays of light 
would cause the animals to reverse their heliotropic curva- 
tures and to turn their heads again toward the source of light. 
There was no ch€uige during the course of the afternoon €uid 

night. But toward noon of 
the following day I found two 
animals, which in the morning 
had still been in the position 
AB (Fig. 9), in the position 
AB^; F indicates the plane of 
the window. The portion DB 
of the tube had described the 
surface DBB^ about the point 
D as center. A similar change 
in the orientation of all the 

FIG. 9 

remaining animals took place 
during that and the following day. In this experiment the 
direction of the rays of light was modified somewhat ; the 
wall abed was left quite low, so that almost nothing but 
horizontal rays entered the aquarium (Fig. 8). I wished to 
determine whether the animals would continue to follow the 
direction of the rays and so assume an almost horizontal 
position. This did, indeed, occur. On February 22, 1890, 
five days after reversing the aquarium, the orientation was 
accomplished, as indicated in Fig. 8. The €mimals had 
turned their heads toward the source of light, and the axes 
of their gills lay almost horizontally in the direction of the 
rays of light, I left the conditions of the experiment 
unchanged until toward the end of March, and during all 
that time the animals maintained their orientation. 

4. If the rays of light fall vertically from above into the 
aquarium, Spirographis directs its tube vertically upward, 
exactly as a stem grows vertically upward into the open air. 
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This experiment was made in another aquarium, in which 
the light rays entered chiefly from above. The animals in 
the large aquarium of the zoological station at Naples are 
usually found mainly in this position; the light enters this 
aquarium chiefly from above. Here, however, where free- 
swimming forms easily disturb the orientation of Spiro- 
crraphis, it is not always so perfect as when all possible dis- 
turbing causes are avoided, as in {in aquarium used only for 
such experiments. 

5. It follows from these experiments that gravitation 
exerts only a slight effect, if any, upon animals which are 
subjected simultaneously to the effects of light and gravity. 
It was, however, necessary to discover whether a geotropic 
erection of the animals would not occur under the influence 
of gravity alone in a completely darkened room. 

On March 21, 1890, I placed a large number of Spiro- 
graphis in a horizontal position upon the floor of an aquarium 
in the dark room. On March 24 most of the animals had 
attached themselves by their aboral ends to the bottom of 
the aquarium. The oral ends of the tubes were then elevated 
until the gills no longer touched the bottom of the aquarium. 
The axis of the spiral did not stand vertically (as was the 
case when light fell vertically into the aquarium, or as should 
have been the case had the animals been geotropically irri- 
table), but only at a slight angle from the horizontal. The 
animals remained in this position until the end of the exi)eri- 
ment, which was interrupted in the middle of April. Gravity 
therefore has no important influence ujK^n the orientation of 
Spirographis Spallanzanii. 

6. The contact-irritability of the gills is manifested by 
the fact that they bend aicaij from solid surfaces. Tliis 
form of irritability can modify the result of the heliotropic 
exj^eriments upon the animals. I placed several of the ani- 
mals upon the floor of an aquarium which was so shallow 
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that the animals could not erect themselves. They were so 
placed in the aquarium that their longitudinal axes lay per- 
pendicular to the side ab (Fig. 10) of the aquarium, and their 
pedal extremities M touched the glass wall ab. The side a 
faced and was parallel to the plane of the window. The 

animals fastened 
themselves to the wall 
ab, and then began 
to react, in their chju-- 
acteristic way, to the 
light, by which the 
head was turned cuid 
the tube became con- 
cave toward the 
source of light The 
tube MN assumed the position MN^. As soon, however, 
as the tentacles touched the glass wall ab, the tip N turned 
away from the glass wall. The heliotropic bending gradually 
aflfected all the elements of the tube MNj so that the 
Spirographis finally reached the position MN^, in which it 
remained throughout the period of observation — four 
months. 

I repeated this experiment a number of times, always 
with the same result. 

7. The heliotropic phenomena of Spirographis took place 
both in direct sunlight and in diffuse daylight. The minimum 
light intensity just suflScient to bring about these phenomena 
is very small. I have not yet studied the effect of rays of 
different ref rangibility in producing these phenomena. Since 
thus far the more refrangible rays have proved to be the 
most effective heliotropically both in plants and animals, it 
is to be suspected that Spirographis also will prove no excep- 
tion. 

8. As is well known, Sachs has formulated the law that 
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radial plants are orthotropic; i. c, they place their longi- 
tndinal axes in . the direction of the rays of light, or of 
gravity. It will have occurred to the reader that Spiro- 
graphis, the body of which, like that of all Annelids, is built 
on the dorsiventral and not on the radial plan, reacts toward 
the light as a radial plant organ. I have, however, already 
emphasized the fact that only the radially arranged gills of 
the animal are exposed to the light, while the remainder of 
the animal is inclosed in the tube. These observations, 
therefore, show that a radial animal organ also obeys the 
law of orientation established by Sachs for plants (even 
though Spirographis possesses a central nervous system, 
which the plant does not). 

It is also of physiological interest that the respiratory 
organ of Spirographis is so highly sensitive to light that 
the orientation of the whole animal in space depends 
essentially upon this sensitiveness. This fact may perhaps 
dtplain why Branchiomma, a Serpulida quite similar in 
structure to Spirographis, has well-developed eyes upon its 
gills. 

9. If Spirographis is carefully removed from its tube, it 
is not able to raise its body from the floor. In such a con- 
dition it creeps about like an earthworm, only much more 
slowly. I have occasionally seen such animals creep to the 
window side of the aquarium. They appeared, however, to 
8a£Fer from contact stimuli, to which they were constantly 
exposed in this condition ; they all died within a few days. 

10. I am not in a position to make a definite statement 
concerning the mechanics by which the heliotropic curvature 
of the tube is brought about in these animals. The wall of 
the tube of an adult animal is 1.25-1.5 mm. or more thick. 
It is very flexible and elastic. If the aninud is tahni out of 
the tube after the latter has been bent through the heliotropic 
reactions of the animal, the tube nevertheless maintains its 
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curvature. The wall on the outer concave side of the tube is 
therefore permanently shortened. It might seem that the 
limit of elasticity of the tube is so low that it retains, like a 
piece of lead, a curvature imparted to it through the muscular 
force of the animal. But this is not the case. I put a thick rod 
of lead into the straight tube of a Spirographis and bent it till 
the tube was strongly curved. The lead rod was allowed to 
remain in the tube. ( J^^g^^^ ^^1^ afterward I withdrew the 
rod from the tube, it^retained* only a trace of the curve 
impressed upon it. Similar failure followed my attempt to 
straighten by the same method, a heliotropically curved 
tube. Yet, as I have already shown, Spirographis is able to 
straighten its curved tube within a few hours after a change 
in the direction of the rays of light, and, what is more, the 
tube remains straight. The tube retains its curvature even 
after it has been split open. The animal has, however, 
besides pressure and pull, another means at its disposal to 
change permanently the orientation of the tube, namely, the 
production of a secretion and the formation of a new layer 
within the tube. The idea that permanence in the curvature 
is attained in this way is supported by the fact that the 
inner layer of the tube is much more elastic than the outer 
layers, so that the formation of a new inner layer on one 
side of the tube might curve it permanently. The following 
fact supports this view : If a tube is cut open lengthwise, 
the cut margins roll inward. If the individual layers are 
separated, as can be done easily, it is seen that the tendency 
of the inner layers to curl up is greater than that of the 
outer layers, and that of the innermost, newest layer is the 
greatest of all. The formation of a new inner layer on one 
side of the tube would, therefore, be sufficient to maintain 
the curvature of the tube jx^rmanently. The formation of a 
new layer cannot be observed directly. One is also disap- 
pointed in the hoi)e of finding one side of the wall of the 
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tobe thicker than the other, for the thickness of the wall of 
pi?rfectly straight tabes varit^a greatly in <Ufferf*nt i>lae*^s tjf the 
same cross-section. The thickness of the wall is therefore do 
criterion in answering our question. I c*aa therefore formu- 
late the following theory of the origin of the holiotropic 

cunrature in the tube, only 
by reserving the right to 
test, and (»erhape niotlify 
it later. I l»eüeve thftt» 
when illuminated from one 
side only, the animal 
strives at first to bring the 
axis of its gills as nearly 
as jK>ssible in the tli recti on 
of the rays of light. In do- 
ing &<i the animal i>erlinps 
bendbi the ttihe by aid of its muscular force. Since tht* tute, 
bow^rrer, tend« to resume its original [xjsition Ix^c^usse of its 
elikstjeity, the liody of the Spirograph it^ must rub morv 
BtraDgly agaiufit the concave wall of the tulx^ than against the 
othfif* This inerea.su*d friction brings about a great activity 
of the »kin glands, m-hose secretion forms the material of the 
tube* That friction indeed leads to secretion, and with it to 
the fonnation of a tube, I havi^ bt^en able to prove directly 
in the case of the Actioian, Cerianthus membranaceus. I 
hftve been able in establish the following facts regarding 
8(>irogra|>his wliit^h st*em to indicate a simitar l:«*havior. I 
cut small pieces from the tube. *The animal was in conso- 
qmnioe obUgtHi to rub against the cut margins during its 
I HiOTenients ; and a copious secrt^tion was indeixl formed in a 
Ijibort time, which noon closed the opening with a new nieui- 
fafue« There is, moreover, always more or less friction on 
Ihi* anlerior margin of the tube when the animal atretches 
oat its hea<L In fact, the tube grows constautly from this 



100 Studies in General Physiology 

end, as illustrated in Fig. 11. In this experiment I had cut 
a long broad piece aa^ out of the tube at a, so that the 
anterior piece of the tube a^b remained attached to the rest of 
the tube only by a thin piece p. After the operation the 
animal showed its gills at a, and no longer used the piece a^b 
of the tube. New material was deposited at a within a few 
days, and in the course of three weeks the new piece ac was 
formed. Its light color readily characterized it as new. 
I had at the same time cut away the aboral end of the 
tube completely. Before my very eyes the movement of the 
aboral end upon the sand caused the secretion of a sticky 
mass, to which particles of sand became attached. In this 
manner the new piece of tube de was built, consisting of 
grains of sand cemented together by the glandular secretion 
from the tube. The newly formed piece was perfectly 
smooth on the inside. The secretion from the skin glands 
continues as long as there is any noticeable amount of fric- 
tion. When I removed Spirographis from its tube and 
placed it in a smooth test-tube, practically no secretion 
occurred. Secretion occurred only from the parapodia in 
the form of long, fine threads, similar to those produced by 
the spinning glands of spiders. If, however, the naked 
S|)irographis was laid upon the sand, the aboral end was 
soon covered by a shell of sand kernels. I have never, 
however, seen the animals form a complete tube when 
removed from their old ones ; for in their exposed condition 
they soon die. 

II 
S[)irographis Spallanzanii attains its heliotropic orienta- 
tion when illuminated from one side by curving its flexible 
tube ; now growth of the tube is not necessary. There are 
other Serpulidte, however, the calcareous tubes of which are 
stiff and inflexible. These Ser[)ulidaB, like Spirographis, 
ex|)ose their gills to the light, and these, too, react accordinfi^ 
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to their structure as radial orf^aiie, Sueli a Serpylida, if 
heliotropit'ally irritable», must place the lotigitudinal axis of 
ita cylindrical tubo In the direction of the rays of light. If 
the CÄlcareons tube is brought into any other jxjsitioii with 
reference to the source of light, the animal must make use 
of one of two |io6sihiIities in order to regain its proper orien- 
tation: either it must lengthen its calcareous tube and bend 
the fiewlti grattinfj part until the axis of the tube again 
OL-i — S 
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in the direction of the rays of light, or else leave its 

tulie entirely and build a new one having the proper 

orientation. The animal makes use of the first of these 

postbiUties. I experimented with Serimla uncinata, The^^ 

Annelids iidiabit calcareous tnl>es and are gregarious. 

Lftrgt white lil<M'ks are fmmd iu \\w Gnif of Naples which 

1 consist entirely of the tubes of couutleBS numliers of »och 

Annelida massed together. I noticed that the individnal 

tubos in such a ma^ all had the same orientation, and in 

tlyjae eaiiGa in which the blocks showed the base uptm which 

they had rested on the horizontal lK>itom of the ocean it was 

^plftinly viaible that the tubes must have stood in the water 

' with their longitudinal hxeB yertieah Herpula can, like 

i Bptiogniphid, move about freely within its tube. I laid a 

Isfgo block of innumerable annelid tubes, each of which 
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stood almost mathematically straight and parallel, upon the 
floor of the aquarium so that the longitudinal axes ab of the 
tubes, which had previously been vertical, now had a hori- 
zontal position (Fig. 12). The light fell into the aquarium 
from above. I noticed that in the course of the next day 
the SerpulidfiB, which like Spirographis presented only their 
radially arranged gills to the light, bent them strongly 
upward. Individual tubes then began to groWy and in such 
a way that the newly formed portions of the tubes all hent 
upward until the free tip of the tube lay in the direction of 
the rays of light (which in this case was identical with the 
direction of gravity), afler which the tubes continued to grow 
in the direction of the rays of light (and of gravity). Within 
six weeks the entire block was covered with tubes which 
curved upward; not a single individual had continued to 
grow in the original direction ab. The figure shows the 
SerpulidsB curving upward at the free edgeof theblocL The 
final effect in this case therefore again corresponds to the 
theory of geotropism and heliotropism as presented by Sachs : 
the axis of the gills which react as a radial organ lies finally 
in the direction of the rays of light (and of gravity). While 
in the case of Spirographis, however (the tube of which is 
flexible), this effect was brought about through a change in 
the orientation of the old tube, the same effect was attained 
in the case of Serpula (the tube of which is inflexible) only 
through the heliotropic curvature of that portion of the tube 
which was in the jjrocess of growth. 

In the above-mentioned experiment the direction of the 
light rays was identical with the direction of gravity. I 
have not vet been able to decide whether light alone deter- 
mines the orientation of the tube, or whether gravity also 
plays a role. I hope later to make a series of experiments 
regarding this point. 
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1. I have endeavored to find other animals in which helio- 
tropic cnrvatures are formed only in the growing parts. 
These efforts have been successful in the Hydroids. Stems of 
Sertnlaria (polyzonias ?) were cut oflf near the root and fixed 
in the sand in an inverted position, so that the cut end was 
directed upward. The stems were placed near a window 
through which the light fell obliquely and from above. The 
animals began to regenerate ; iiew polyp-bearing stems grew 
from the cut end as well as new roots ;^ hut while the new 
stems grew upward and toward the window^ the roots grew 
downward and toward the room side. The j^olyp-bearing 
shoots are positively J the roots negatively ^ heliotropic. That 
the n^atively heliotropic elements were true roots was 
proved by the fact that when brought in contact with a solid 
body they attached themselves to it and continued to grow 
over its surface in close contact with it. They could be 
loosened from their attachments only by force. The polyp- 
bearing steins do not possess this kind of contact-irritability. 
The heliotropic phenomena will be readily understood by the 
aid of Figs. 13, 14, and 15 : ab is the old stem, 6 the cut 
end ; the stem is fixed in the sand to the point ac. From the 
cut end 6 arise newly formed roots W^ , which bend down- 
ward away from the light and toward the room side of the 
aquarium. The new polyp-bearing shoots S grow upward 
and toward the window. The arrow marks the direction of 
the rays of diffuse daylight in this experiment. 

2. In these experiments new growths occasionally sprang 
from the middle of the old stem, which, so far as their con- 
tact irritability was concerned, reacted as roots. Those 
tendrils which attached themselves to solid bodies were 
always negatively heliotropic. They grew downward and 

1 Which is of importance in the theory of organization. 
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toward the room side, and remained free of Hydranths. (See 
Fig. 13, W,.) 

On the other hand, I saw also new polyp-bearing stems 
arise from the old stems, although much less frequently; 
these grew in the opposite direction, namely upward. 

3. That in the case of Sertularia it is, indeed, only the 
growing parts which produce the heliotroptc curvatures is 




FIG. 13 



FIG. u 



FIG. 15 



shown by the following exj^eriment. The growing tips were 
cut off a large number of Sertularia stems. The stems began 
to grow, and in the course of a few days sent out new sprouts. 
The new growth is strikingly different in color from the old 
stem; while the latter is rather brown (from having been 
covered by Algsö ?), the color of the new growths is a light 
yellow. The growing elements curved themselves until the 
groiving points lay in the direction of the rays of light and 
then continued to grow in this direction. During all this 
time no change in the orientation of the old stem occurred^ 
nor did any take place in other uninjured stems, in which no 
linear growth occurred during this time. 

How far gravity played a role in these experiments I was 



Further Investigations on Heliotropism 105 

unable to determine accurately. The Sertularia cultivated 
in a dark room ceased to grow, though I question whether 
this was entirely due to lack of light, 

4. Light (and perhaps gravity) influences not only the 
orientation, but also the position of the newly formed organs. 
I have observed, and not in the case of Sertularia only, that 
the new polyp-bearing branches always arise from the upper 
surface of the stem. In Fig. 15, a new stem S springs from 
the upper side (the side directed toward the source of light) 
of the stolon W^, I do not desire to discuss these points 
more minutely here, as they will form the basis of a paper 
which is to appear soon, on the form of animals. 

The experiments on Sertularia described here serve only 
to complete the general consideration of animal heliotropism 
and to show more fully the identity of animal and plant 
heliotropism. The special investigation of the heliotropic 
l)ehavior of Hydroids is to be the subject of future study. 
That this is both an interesting and a fruitful field 
is shown by the beautiful work of Hans Driesch, which has 
just appeared, on the *' Heliotropism of Hydroids."* Driesch 
arrives at the following result : 

The stolons which are produced instead of polyps under 
unfavorable conditions in Sertularella polyzonias, ai*e with the 
exception of the first, which is turned away from the light from the 
very beginning, all positively heliotropic at first, becoming nega- 
tively heliotropic after the growth of the daughter-stolons. They 
arise from the side of the mother-stolon, which is tunied toward 
the light. (P. 152.) 

Tliis observation of Driesch agrees very well with mine. I 

shall return to them in my ''Physiological Morphology o{ 

Animals. ^^ 

The results of this study may Ix» summarized as follows : 
1. Certain sessile animals (Serpulidte, Hydroids) which 

are compelled to react to light and gravity as radial organ- 

1 Zooioffi9cke Jahrbücher, Vol. V. 
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isms always place the axes of their radial organs in the 
direction of the light rays, as do the radial organs of sessile 
plants. 

2. The fact that sessile animals, such as the SerpulidfB, 
have a central nervous system, while plants have not, does 
not bring about any difference in the heliotropic effect. 

3. If the light enters from one side, there are produced in 
the above-mentioned animals heliotropic curvatures which 
correspond to those obtained in sessile plant organs under 
similar conditions. 

4. There are sessile animals which attain these helio- 
tropic curvatures only during the period of growth, as is the 
case with certain plants. Sertularia and Eudendrium, eunong 
others, belong in this group, in which only the growing parts 
are able to bend heUotropically ; Serpula uncinata, which is 
able to change the orientation of its otherwise stiff tube only 
when the latter is growing^ also belongs in this group. 

5. Spirographis Spallanzanii, the tube of which is flexible, 
is capable of heliotropic curvatures without accompanying 
phenomena of groivth, as are also certain jointed plant organs 
which attain their heliotropic orientation without phenomena 
of growth. 

Although I do not consider my study of animal heli- 
otropism ended with this pai)er, yet I think I have shown 
that the heliotropism of sessile animals is essentially identi- 
cal with the heliotropism of sessile plants. 



Ill 

ON INSTINCT AND WILL IN ANIMALS« 

1. In the biological literature one still finds authors who 
treat the "instinct" or the "will" of animals as a circum- 
stance which determines motions, so that the scientist who 
enters the region of animated nature encounters an entirely 
new category of causes, such as are said continually to pro- 
duce before our eyes great effects, without it being possible 
for an engineer ever to make use of these causes in the physi- 
cal world, "Instinct" and "will" in animals, as causes 
which determine movements, stand upon the same plane as 
the supernatural powers of theologians, wh ich ar e also said -K^tr^ 
to determine motions, but upon which an/^nginee^ could not ^T ^^^ 
well rely. ^ 

My investigations on the heliotropism of animals led me 
to analyze in a few cases the conditions which determine the 
apparently accidental direction of animal movements which, 
according to traditional notions, are called voluntary or 
instinctive. Wherever I havft thna f ar invft atigrRtf^d t ha 
cau se of such "voluntary" or ** instinctive" movements in 
animals, I have wi thout exception discove red s uch circum- 
stances at work as are k aoam in inanimnte untune f^ dfltf»r- 
minihg movements. By the help of these causes it is pos- 
si ble to j rontrot tlie "v oruatarjLTmovenieDtg of A-lJYimr: ani- 
mal just as secnrelya nd unequ ivocally as the engineer has 
bee iTable to control the moveme nts in inani mate natur e. 
W/i at has been iakc jk/or the-offixi of^'wiW^ or ^'instinct'''* 
is in rea lity the effect o f liffht, of Q ravitf i^ of frictioHy of , 
chcinical forces y etc. The following may be added by way 
of fulle r exp lanation : 

1 I*/laffen Archiv, Vol. XLVU (19»)), p. 407. 
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The positioh which the tube of Spirographis Spallanzanii 
assumes in space is such, as we have seen, that the animal 
turns Its oral pole toward the light, and puts the axis of its 
radial gills into the direction of the rays of light. The direc^ 
Hon of the rays of light is the condition whicti^'termines 
the orientation of these animals unequivocally. If the ques- 
tion should arise as to how to hold a great number of living 
Spirographes continually and voluntarily in a definite 
position in space, this could be done, as our investigations 
have shown, by simply allowing the rays of light to fall upon 
the animals in the direction which we wish the animals to 
assume and hold. If anyone endeavors to compel Spiro- 
graphis to assume a definite spatial orientation either through 
*'instinct" or "will," he will be obliged to seek the aid of 
the rays of light in order to obtain the desired result, even if 
he afterward believes that, beside, before, behind, after, or 
between the light rays the "instinct" or "will" of the «mi- 
mal co-operated with the light to bring about the move- 
ment. He will further be able to convince himself that the 
direction of the light, if sufficiently intense, is alone and 
unequivocally able to determine the orientation. 

The direction of the "voluntary" movements of the 
winged plant lice is determined by the direction of the rays 
of light. The animals are forced to turn their oral poles 
toward the light and to move in the direction of the rays of 
light. If the animals are introduced into a transparent 
vessel, they live and die on the side of the vessel which is 
turned toward the light. If anyone should wish to force 
these animals to move in a fixed direction toward a definite 
point "voluntarily," he knows now how this may be accom- 
plished. He need only allow sufficiently intense light to fall 
upon the animals in the direction in which it is wished that 
they should go. 

As is well known, the direction of the rays of light, par- 
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ticularly that of tbe more refrangible oneß, determmes also 
;ihe orientation of tbe organs of a plant» By the help of 
Ilight the bota nist controls the orientation of a ij lan t ^t wil L 
rM(! iiy shonld be tn AJritmn Ümt fha *'win^^ nr ihty ^lmBtim^*i'^ 

of the plant coHsperates with the rays of li^bt when the^ 
^oricStiti on IS determinecf f^oJehi and uneqtiivficallif by tl ie 
after ? The mo^'emeuts of an animal toward the light are, 

iowever, as 



iiave shownV itlentical pottit for point with 
[the^jövemen t of a plant towlinl"fhenight . Whereverthe 
' o nentation prp lants has been satisfactorily controlled experi - 
mentally. Tight has, indeed, been considered tbe sole deter- 
1 i ning factor ; but in the case of animalfluin which in similar^ 
ligxperime nts lig^ht is without doubt also the sole determining 
factf>r. *^ instinct^' and ^j^free wüP^ have still been considered 
to play a role, . 

Just as tbe direction of the rays of light (particularly that 
of the more refrangible onenj is the essential factor in the ex- 
ampb'd described above, and in many others given in my 
ipeison heliotropism, so in other cases it is gravity, in othere 
I eon tact with s*:»lid bodies, in still others chemical forces, 
t»» which determine the movements of the animaK 
2, In onler to state the cause which determines in each 
infttaaoe the "voluntary" movements of an animab I desig- 
lied the movi*m**nts by their external cause, I sjioke 
derefore, as has long lieen the custom in plant phj*siology, 
at ketioiropmn when the direction of the luya of light 
letermines the direction of the roovements of an animal or 
orientation ; of fji'ofro[>mn^ when gravity, or of Btt^eoU 
»fit, when contact with solid bodies, determines the 
orientation or the movements; eXc* 

A zoölcsgisl asked me reproachfully what had been gained 

[>j dadgaatifig as *^stereotropism'' what had been designated 

** Instinct*'^ I was discty«ing the fact that certain ani- 

i creep into the crevices of solid bodies, and the Koölogist 
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was of the opinion that the animal behaves thus through 
"instinct." If a physicist finds that liquids rise in a capil- 
lary, or that one liquid forms a convex while another a concave, 
meniscus in a glass tube, he will be less easily satisfied than the 
zoologist, according to whom everything is done through 
"instinct." The physicist will endeavor to discover more 
precisely what conditions underlie the phenomenon. This, 
it seems to me, is also the problem of the biologist — a prob- 
lem which is not even recognized^ much less solved, by 
saying the cause of such or such a motion is an ^Hnstinct,^"^ 
From a biological standpoint one would at first take it for 
granted that light causes animals to creep into crevices. 
But I was able to show that the animals creep into the 
crevices between solid bodies even when the solid bodies are 
perfectly transparent and are exposed to a strong light; 
secondly^ that the animals behave in a similar way when 
put in a perfectly dark room. Light is not, therefore, the 
physical cause which determines this phenomenon. I proved 
this for Forficula, ants, the larvse of Musca vomitoria, etc. 
Plateau had previously established this fact by a similar 
experiment upon Cryptops, with which I was not familiar at 
that time, however. The animals creep into narrow crevices, 
therefore, not because of the light, but because they are 
forced to bring as mucli of their bodies as possible in contact 
with solid bodies. The friction and the pressure produced 
by the solid bodies are therefore the determining cause. This 
view, that light has nothing to do with the phenomenon, but 
that it is the friction produced by contact with solid bodies, 
has this advantage over the traditional phrase " It is instinct," 
that pressure and friction are physical agencies which, like 
light, can be controlled quantitatively and qualitatively, and 
by which we can prescribe unequivocally the "voluntary" 
movements and the ** voluntary" orientation of an animal. 
I will here add that, while there are a large number of 



atiimals wlu<^h are forced to (»ring their bodies in contact 
with solid objects on all Bides as far as possible, there 
firo others which show exactly the opposite form of irrita- 
bilitj and immediately draw themselves away from a solid 
biidy wil h which they chance to have cxime in contact. To these 
bGloa^ the Nau[»lü of Balanus perforatus, the tiuy My s idem 
of the Bay of Naples, the gills of Spirograph is Bpallan- 
sanii, etc. That that form of irritability which I have 
calltKi **steTeotropi8m " plays a prominent role in life- 
phenotncna, however, follows from the fact that the entrance 
of the sfjermatozoon into the egg (as shown by the investi- 
gatioQS of I>ewitz^) is governed by this form of irritability, 
aiiii that the migration of leucocytes Is likewise determined 
largely by con tact -irritability. I have, moreover» inciden- 
tally founds in my investigations on the inflnence of ej^temal 
stimoli u{iou the form of the boily, that stereotropism inäu- 
eoeea not only the shajx^, bnt abo the size and velocity, of 
thf? growth of certain organs. These investigations were 
made n|>on Ilydroids. I suoceeded in producing j</r^rrM(ro/j/c 
^irvtätm*^ («way tnnn solid bodies) in certain organs with 
the same certainty that I produced heliotropic curvatnres. 
Cortiitn organs, when not in contact with solid bodies» 
UttMif within the same period of time and under otherwise 
m^ffiar conditions, only one-tenth the length which they attain 
^hen in cxmtact on one side with a solid body. It is for 
^tlMee reasons that I have made no mistake and performed no 
"naelees task in calling attention to the importance of this 
«vmtact-lrntability in the animal kingdom^ to which I have 
found it neeeasary to giv^ a special nama 

3. I have thns far given only examples in which a single 
imiTCe of stimulation determines the ** voluntary** movements 
^^f «nimnls. But in a large number of cases the movements of 
animals are not de|xmdent u[>ön one cause of stimulation 

«UawiTl', rßüot^* An-hu*, Vnl XX mi* See »Iä* MA*«JimT. UmiUtiH dc 
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alone; more frequently several causes co-operate, and the 
movements which are produced in this way, the cause of which 
is again sought by many in the "will" of the animal, are 
only the resultant of various causes operating at the same 
time. In very intense light the full-grown larvsB of Musca 
vomitoria move away from the light in the direction of the 
light rays: they pass by a piece of meat lying in their way. 
If the light is sufficiently weak, however, the chemical influ- 
ence of the volatile substances arising from the meat ex- 
ceeds the orienting influences of the light and the larvae crawl 
to the meat. With other animals which are still more sus- 
ceptible to chemical stimuli — as, for example, the male 
Lepidoptera, which, as is well known, are attracted to the 
female from great distances entirely through the effect of 
chemical stimuli — heliotropism may be entirely masked by 
these chemical stimuli. It is not always an easy matter to 
say, from the movements which an animal always executes, 
what are the conditions determining these movements. 

4. Another complicating circumstance is still to be added. 
Life-phenomena are phenomena of irritability; i. €^., they are 
not dependent solely upon the external causes acting upon 
the organism at a given moment, but upon these and the 
conditions present within the organism taken together; and 
the latter conditions are in themselves variable. The study 
of animal heliotropism revealed the fact that one and the 
same animal may react differently toward the light during 
different j>eriods of its existence. The caterpillars of Por- 
thesia chrysorrhoea after having fasted through the winter 
are energetically j)ositively heliotropic. After the animals 
have eaten, heliotropism may still exist, but intense light, 
which formerly determined their movements with definitenesSi 
has no more effect ui>on them than did quite weak light 
previously. Plant lice become sensitive to light-i— that is to 
say, |x)sitively heliotropic — only after they have fed; the 
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larvffi of Musca vomitoria are energetically negatively helio- 
tropic only when fully grown, etc. In ants sensitiveness to 
light is, as I have shown, connected with sexuality. The 
males are more sensitive than the females ; at the time of the 
nuptial flight the males and females become energetically 
heliotropic, while the so-called workers remain practically 
uninfluenced by the light. There must also be mentioned 
the change which occurs in the sense of heliotropism of many 
animals in different stages of their development. The full- 
grown larva of Musca vomitoria is negatively heliotropic; 
yet the sexually mature insect is positively heliotropic. 
Such a behavior is quite widely distributed. 

Finally, it is not infrequently possible to change at will, 
through the influence of light, positively heliotropic animals 
to negatively heliotropic animals, and the reverse. The 
larv» of Balanus perforatus, the larv» of certain worms, and 
indeed a large number of other animals, become positively 
heliotropic when they are left in the dark for a long time. 
If they are brought into light of sufficient intensity, they 
become negatively heliotropic after a time, and this the more 
quickly the more intense the light. 

We do not, therefore, always meet with simple conditions 
in analyzing the causes which determine the "voluntary" 
movements of an animal; but, however complicated they 
may be, the ''voluntary" movements of animals are never- 
theless, as our experience indicates, always unequivocally 
determined only by such circumstances as determine also 
the movements of bodies in inanimate nature. 

5. To be sure, many of the authors who oppose my con- 
clusions woidd protest if it were said of them that they hold 
the "will" to be something which cannot be explained on 
physical or chemical grounds. But if some physical ag<»ncy is 
{Kiinted out which prescribes unequivocally the orientation 
of an animal body or the direction of its movements, which 
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were formerly believed to be determined by the "will" of 
the animal, the authors are still dissatisfied. They did not 
doubt that ultimately a physical solution of the question 
would be found, but they expected something more sublime, 
something which is more closely related to the mysticism of 
the ganglion cells. Of course, our knowledge of the process 
is not exhausted when it is proved that the direction of the 
rays of light prescribes the direction of the progressive move- 
ments of Haematococcus swarm-spores or the Nauplii of 
Balanus; just as little as the knowledge of the chemical 
effects of light is today exhausted. Yet no one will say 
that "instinct" is the determining circumstance in these 
physical phenomena. 

6. Just as the past generation of physiologists felt it 
to be a handicap that instead of looking for the causes of 
life-phenomena, investigators were satisfied with the phrase, 
"The vital force is the cause," so it is a handicap to us that 
within the more limited sphere of the so-called psychic life- 
phenomena the influence of this scholastic method of think- 
ing has survived to the present time. The handicap lies iiu 

the fact, that if one says that "instinct" or "will" deter^ 

mines a motion, the true problem involved is ignored Ofc.--^ 
concealed. This true problem is the analysis of the circurc^. 
stances which in each case determine unequivocally tt:i.e 
"voluntary" movements of an animal. It was the object ^d/ 
this paper to point out that wo must endeavor to solve this 
problem with as little concern for ^'instinct" and "will"' aa 
for "vital force." 



IV 
HETEROMORPHOSIS ' 

I. INTRODUCTION 

It is well known that a number of animals possess the 
power of forming a new organ in the place of an organ which 
has been lost It has always been taken as a matter of course 
in animal physiology that the regenerated organ is neces- 
sarily identical in form and function with the one which has 
been lost The experience of the botanists, however, shows 
that this does not hold true in the case of plants, and a few 
sporadic observations upon animals — which, however, have 
not been taken into consideration for this problem — seemed 
to suggest that similar conditions might be found in animals. 
/ have undertaken the task of finding out whether and by 
what means it is possible in animals to i^roduce at will in 
the place of a lost organ a typically different one — differ- 
ent not only inform, bnt also in function. It is my purpose 
to report the results of these experiments in the following 
page«. 

The organs which I tried to substitute for each other in 

'Chese experiments are the oral and aboral poles (head and 

:Coot). I have succeeded in finding animals in which it is 

^X)68ible to produce at desire a head in place of a foot at the 

^^boral end, without injuring the vitality of the animal. The 

^^nimal shown in Fig. 10, a Tubularian, has by artificial means 

l^een so altered that it terminates in a head at both its oral 

^uid aboral ends. If, for any reason, it were necessary to 

oreate any number of such bioral Tubularians, this demand 

oould be satisfied. In another Hydroid, Aglaopheuia pluma, 

1 WOrzbarSt 188L The pamphlet is dati).l H'Jl, althoas^h it appoarod in 18J1. 

1 ir^ 



116 Studies in General Physiology 

it is possible so to change the form of the animal that it ter- 
minates at both ends either in oral (Fig. 17) or aboral poles, 
and yet continues to live. On the other hand, I have fonnd 
animals in which all attempts at the transformation of organs 
have thus far been unsuccessful. To this group belong 
Cerianthus membranaceus and many other Actinians. I 
succeeded, however, in bringing about a permanent change 
of form in one of these animals (Cerianthus membranaceus), 
in which I was able to cause the growth of any number 
(within certain limits) of mouths, one above the others in one 
and the same animal. 

The regeneration of lost organs in animals has often been 
made the subject of study, usually, however, only to see 
which organs can be regenerated, and further to study more 
closely the anatomical or histological details of the process 
of regeneration. But it has rarely been considered that 
these phenomena can give us an insight into the conditions 
that control the morphogenesis of animals. Where this has 
been done, it has almost always been with the intention of 
showing that under all conditions only one and the same 
organ grows from any definite point on the animal. 

AUman* was perhaps the first to define this sharply as i 
law of the formation of organs. From the well-knov 
experiments of Trembley,^ Dalyell,^ and from his own obse"« 
vations, he formulated the theory of the "polarity" of tb 
animal body. Allman cut pieces from the stem of Tul>^ 
lariaus and marked the end which had been directed towa^^ 
the head of the animal. Even though this cut end was mo 
phologically entirely similar to the other, yet a head w^ 
formed on1fj at this orcd cud, while no head was formed 

> Oeor(ie J. Allman, Report of the British Association for the Advancei 

of Science, 1S<>4. 

* A. Trkmblky, Memoire« paur scrvir ä Vhistoire d'un genre de polype» d' 
douce ä ffnis en forme de cones { Loido, 1744). 

3 J. Ü. Dalyell, Hare ami Rcmarknttle Animals of Scotland (London, 1847). 
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th© opposite end. That AllmÄo eh oat? tho nnmt" '*|K>larity*' 
fur tliitt beliftvior fiuggests the possibility that he tnnj hare 
tlioiight of the rifialugy of tbit* fact to tbe beliavior of a miig- 
uHf for a fragmeut of a broken magiiot always has a north 
pole at that em! which in tbe original magnet was directed 
toward the Korth Pole. If however^ the t>04jk of Dal yell is 
ßuhjei^ted to a close scrutiny, it is found that this author 
oc^^asionally (at two or three places in the book) mentions 
ohfiervations which do not liarmoiiize with the theory of 
IK»larity. In these cases^ bowever, Dal yell ljelieve<l that he 
was dealing with accidental monstrosities which this careful 
and patient oliserver did not consider of sufficient impor- 
tance to follow out ex|)erimeu tally, or to takw into considera- 
tion ft IF a theory of organization» 

W* Marsh air builds on AUmnn's theory of polarity in 
■^is exjierimeuts u[ion Hydra, When Hydra vulgaris is cut 
^TOto pieces, "'one is struck most forcibly with tbe eattraordi- 
nary fiolarity of the animal, in conse^juence of which new 
lotilacios and a new mouth are always formed at the oral 
edge of the cut piece ^' (p. 0118). 

A further ex[>re8Bion of this idea is found in Nussbaum's 

piiperB on *'The Divisibility of Living Matter."* Nussbaum 

^amiitl tbtit wlicu a piece is cut from an Infusorian, new «nlia 

develop from tbe edge of the wound in the same number 

^uid in the same jiosition that they occupied l»*fore the 

:ät) joiy. He goea even farther than Allman and concludes that 

Terr tuhiute particle of hving protoploftin is orient^; otberwise 

oouid not ujidt^rstand tbe rf^uliir Jipjjcsimuct* of new cilia at 

\Us fioiuts when tlitj infitäoriuu btiä bt^n divideiL Ju^l j^i«« we 

dwtaiiKtn^h in an infu^orian Ix^twet^n the unhTior and the po»* 

right and left, ami dorsul and vctilrid ^urfiict^, jso t*4ich 

otv pnrtkloof protophisuk must Hkewiäe be orientiKl aceordlug 

the lliree axea m npaee. 

i W, MARSK^ttls ^iU*-hr{nf9f wittinMck4^rmche J&MM««rf«, ToL ISS VII (liC). 
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Almost all the numerous other authors who have worked 
upon the regeneration of organs in animals also regard it as 
self-evident that the regenerated organ must be identical 
with the lost organ in form and function. The facts which 
I shall bring forward in the following pages will show, how- 
ever, that this theory is certainly too narrow. For I suc- 
ceeded in doing away with "polarity" first of all in that 
very animal upon which Allman based his theory of 
"polarity" — namely, in Tubularia. 

One of the first authors who concerned himself with 
the study of the phenomena of regeneration, Charles Bonnet, 
looked upon them in a less biased way than did Allman. 
Bonnet, to whom Trembley had very early communicated 
the fact of the phenomenal regenerating power in Hydra, 
attempted to convince himself of the truth of Trembley's 
statements; since, however, he was unable to obtain Hydra, 
he tried whether similar results could not be obtained upon 
worms. Bonnet used two species of worms in his experi- 
ments. In the first species, which he designates as vers 
rougeäireSy he found the conditions which are typical for 
Hydra, and which correspond to the theory of "polarity." 
If the head of such a worm was cut ofiF, a new head was 
formed at the cut end ; when the tail was cut off, a new tail 
was formed at the [)oint of section. If the head and tail 
were both cut off, a head was formed at the oral end, and a 
tail at the aboral end. In a second species, the vers 
blanchdtreSy the results were not so regular. When only 
the head or tail was cut off, the lost part was always 
regenerated. If, however, a [)iece was cut out of the middle 
of the worm, it happened that such a piece formed a tail at the 
oral end, instead of a head. Bonnet observed this three times.' 

I have found no reference in the literature which would 
indicate that these observations of Bonnet have ever been 

> Ch. Bonxkt, (Kuvres d'histoire naturelle et de philotophie (NeuchAtel, 1779), 
Vol. I (Traits d'in^ectologie). 



Hetebomobphosis 119 



repeated and confirmed. I am not in a position to state 
whether they are correct or not. 

The theory given by Bonnet is in some points similar to 
a theory brought forward by Duhamel in his Physique des 
arbreSy and to which Sachs goes back in his papers on 
"StoflF und Form der Pflanzenorgane."* 

Bonnet believes that just as there are specific germs for 
the development of the entire animal, there are also special 
germs for the development of the various organs ; he assumes 
the existence of certain head germs and certain tail germs. 
In order, however, that these germs may develop, they must 
be particularly well nourished. Their nutrition is accom- 
plished, as in plants (according to Duhamel), by various 
kinds of saps, one of which serves for the nutrition of the 
head, while the other nourishes the tail. The latter flows 
from head to tail, the former in the reverse direction. If, 
now, the head is cut off, the saps which heretofore served to 
nourish the head, can now be utilized for the nutrition of 
the head germs, and the latter begin to grow out at the cut 
oral end into a new head. In a similar way the tail germs 
may begin to grow when the tail is cut off. It is assumed 
that the tail germs and the head germs are distributed 
evenly throughout the body of the vers rottgeätres; for this 
reason a head must always grow from the oral end of a 
fragment cut from any [K>rtion of the animal, while the 
aboral end must always give rise to a tail. Upon the other 
hand, in the vers blanchälrcs the head germs are found 
only in the neighborhood of the head, while the tail germs 
are distributed through the entire body. For this reason 
the worm regenerates a new head when the head is cut off, 
while a new tail is formed at either end when a [)iece is cut 
out of the middle of the worm.^ 

> Arbeiten de» botanischen Jnttitut» in Würzburg, heraus(^«r(>ben von Sacrb, 
YoL II (1882), pp. 4SZ and 680. 

«Ch. Boxxet. ConMidiration wur le» cori>M organiti». Art. 259 ff.; CEuvre» (Neu- 
ehAU*l. 1779;, Vol. VI, pp. 48 ff. 



120 Studies in General Physiology 

I shall not discuss the importance of the theory of Bonnet. 
I only mention it here because it takes into consideration 
the fact that sometimes a tail may be formed instead of a 
head, which is not done in AUman's theory of polarity. I 
shall avoid all theoretical discussions in this paper, and con- 
fine myself to the task of showing whether and how it is 
possible to cause with certainty in an animal the growth of an 
aboral pole in the place of an oral one, and vice versa, at will. 

For the formation of an organ which in form and function 
is different from that which has been lost I shall use the 
term heteromorphosis. By the term regeneration I under- 
stand the replacement of a lost organ by one which is 
identical with that which has been lost. 

IL HETEROMORPHOSIS IN TÜBÜLARIA MESEMBRYANTHEMÜM 

A layman would be in doubt as to whether he should call 
a specimen of Tubularia mesembryanthemum a plant or an 
animal. From a much-branched system of roots (or stolons), 
which are attached to a solid substratum, arise numerous 
delicate unbranched stems, several centimeters high, which 
end in polyps that are usually red and look very much like 
flowers. These polyps take up and digest the food for the 
animal. The animals belong to the class of Hydroids and 
are found in great numbers in the Bay of Naples. 

The zoologists have develojK^d a very complicated ter- 
minology for the individual organs of the Hydroids, which 
may be very useful in purely descripiive morphology, but 
does not take into consideration the forms of irritability of 
the various organs. Causal morphology, which attempts to 
discover the circumstances that determine form, has to con- 
sider first of all the irritabilities of the individual organs. 
For the purposes of the physiologist it is therefore necessary 
to take these into account in describing and naming the 
various organs. 



I ilisfmgtiish in Tiibukria, flccorcling to the difFeroncee 
in irrit ability, betwe*.*n tbe stomH and Urn root. By the nx)t 
is nnderstood that part of the Tiibularian which is endowed 
with a special contaet-irrit,ability (stereotropism|, by virtue 
of which it nttnchos itself to solid bodies and keeps the 
anittml in a fixt^d [»ogition, By the stem is uiidemtmjd that 
|>art of the animal which bears the sexual elements and the 
pejlyij«, and which is endowed with the opposite irritability, 
in consequence of which it grows away from the substratum 
io which the auimal is attached, This simple terminology^ 
which is btised upon the irritability of the organs, will 
suffice for our purposes. Of the entire animal only the 
poliT« can move sixjntaneously ; the stem is immovable. If 
we cut a piece out of a stem, we must discriminate betwt^en 
it* ontl and aboral ends, according to the oriental ion of the 
piece in tht^ original uninjurtHl nuinmh The oral end is 
that wliich was originally din^ctud toward the |>oIyp^, the 
aboral end. that which was directed toward the nxit* I 
»hall now describe the main ex[>erinients individuallyp 

L I cut off the roots and IK^lyps of a series of sterns^ 
and put thest* mutihitiHi stems with their alioral ends vcr- 
tjcally into the sand sutfieiently deep to keep them in a ver* 
Ucal poftition. At the free oral emls, which were surroumled 
on all sidles Ijy sea-water, new [»«ilyi^ were formed in a short 
time — at tJie proper temfierature and with favorable sf*ei*i- 
Diena within two days. These corresponded in form with 
the old polyjie- No growth took place at the ends which 
wi*n.* Imritnl in the ftand, no matter how long the observatiuua 
were carried on (in eome instances for several mouths). 

When I put sti'ms with their oral ends in the sand, a 
palifp was fnrmvd (it the free^ ahortd palt\ In favorable 
€a^*H this wfis furtut^l in a few days. Neither a jMilyp nor a 
loot waji formod at the oral end, which had been covered by 
no matter how lung I continued my ubeervationji. 
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Contrary to the theory of the ^^ polarity'*'* of the animal 
body, therefore, fragments of Tubularia mesembryanthemum 
are able to form polyps even ai their aboral ends. 

2. I supported pieces cut from the stem of Tubularia 
mesembryanthemum in such a way that both cut ends were 

surrounded by water. To do this I sup- 
ported them in the meshes of a long wire 
net, or in the holes of a metal plate set np 
in the aquarium for this purpose. Polyps 
were formed at both the oral and the aboral 
ends of the fragments, so that the stem 
terminated in a head at each end. Fig. 
16 represents such an animal sketched from 
life and enlarged twice, ab is the piece 
removed from the old Tubularian. Polyps 
were formed at both ends, and the stem 
then grew in length from both ends, ac 
and bd are the new pieces that grew after 
the formation of the polyps. 

I have in this way been able to produce 
at any time any number of animals which 
terminate in an oral pole at each of the two 
ends of their body. I shall hereafter 
designate animals which terminate in a head 
at each end bioral animals. 
I would particularly emphasize the fact that such an 
animal remains bioral for the rest of its life. It is a 
well-known fact that in a normal animal the oral polyp is 
lost spontaneously after some time, and that a new one is 
formed sooner or later in its place. In the case of the bioral 
animals a constant blooming, shedding, and reappearance of 
the p(jly{)s occurs, 7wt only at the oral end, but also at the 
(d)or(il cmL during the entire duration of their life. 

3. I was able, tlu^refore, not only to cause the develop- 




FIG. 16 
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me Dt of a head at bofb ends of the fragment of a stem, but 
almj to J)revetit the formation of a head at will, by Bimj>ly 
putting this iK)le into the sand. When both poles are put in 
the sand, no head is formed at either end. If one of the 
poles which has been in the 8and for eome time, and on 
which the formation of a head has been prevented in this 
way, IB pulled ont of the 8and so that it is again surrounded 
on all sides hy water, a head may form at this end. If the 
jinimnl is covered only by an exceedingly thin layer of sandp 
a polyp will still l^e formed whit li makea its appearance 
between the grnins of »and» much as the stem of a ger- 
tninating m*ed may grow through a thin layer of earth* 

One of the p*)les of a piefc of a stem was jmshed lietween 
two slides laid npjn each otlier and held together by thin 
rubber batida* Needles were placed between the two slides, 
and one end of the stem of the Tubulariati was laid in the 
wedgt*-shaj>ed space tlms forniL^d* In this way the end was 
«objected to slight pressure. No pjlyp was formed at the 
end suhjtR*ted to this slight pressure, no matter how long I 
waited; while at the other end, which was not pressed upin 
and was enrrounded Ijy water, a polyp was fonni^d in tht* 
tisnal time. When the piece was removed from Ijetween the 
elides, a new jKjlyp frequently de veloiied at the end that had 
b^*n subjected tu the pressure. That light Is nut nccoisary 
to the formation of a fKilyp was proved hy the fact that 
pieer« of Tubularian stem will grow new polyps in a ilark- 
eiiad vei*s<*L Thi* experiments describeti were made in well- 
■fiinit**ii nqnarin. 

4, When the polyps and the roots are cut off from long 
iot Tnlmlaria mcsemliryanthemum, it is found that the 

'|>olypö are always formed one, two, or three days earlier 
at the oral than at the alxiral end* I believe that the rau^e 
of this phenomenoQ^ which may be considered as an intima- 
tion of *' polarity,'' lies in the fact that whea long piece** are 
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cut from the stem, the lumen at the cut oral end is usually 
wider than that at the aboral end; for when I cut from the 
middle of the stem shorter pieces, which showed no diflFer- 
ence in the diameter of the lumina, a polyp often formed 
earlier at the aboral end than at the oral. 

5. The size of the newly formed polyp also depends to a 
certain extent upon the diameter of the stem at the cut end. 
When the diameter was very small, the polyp was also very 
small; when the diameter was large, the polyp was also 
larger. 

6. It might still be imagined that, besides the mechani- 
cal factors thus far considered, a physiological factor might 
also play a role. It might be thought that the substance of 
which the polyp is formed is present in a larger amount at 
the oral than at the aboral pole. To test this point I chose 
a large number of very long Tubularian stems that had been 
cut off close to the roots, and at the cut ends of which polyps 
had been grown. I bisected these stems transversely, and 
kept the oral and aboral halves in separate beakers. If the 
substance required for the formation of the polyps were 
unequally distributed in the stem, then the one series of 
fragments should have formed polyps sooner than the other 
series. This was never the ease; but — as was again noted 
— every fragment formed a poJyp sooner (if its oral than at 
its ahorol endy even though the difference in time often 
amounted to only one half-day or less. 

7. While I hove alicdtjs snrreeded — -with suitable mate- 
rial, and with the exjx'rinient under the proper external con- 
ditions — in viakin(j a liend (jrow (d the ahor(d end of the 
stem, I have titns far not yet succeeded in making a root 
grow (d the orcd end of a stem. When I cut off the stems 
close to the substratum to which the roots were attached 
and brought the aboral ends /// contact with the walls of the 
aquarium, the end, when it grew at all, attached itself to the 



solid body and became a root; however, when contaei with 
tkr Will I of the aquarium W€ts bfoktm so that water sur- 
roimd*Mi the root on all Bidet*, a polyp was foraied ako at the 
rnd of th«* root. In my fm-ther experimentB I shall try to 
find conditions under which the animal will form rtxjts at 
Ixith |H)les with just as great certainty as it now forms heada 
From the ex|*erimeuts thus far discussedf I can only con- 
cluda that the formation of polyp« in Tubularia me&ambry- 
anthemum can Im) brought about much more easily than the 
formation of roots. 



UL THE LIFE-PHENOMENA OF THE ORAL POLE OP TÜBU- 
LABIA AlESEMBBVANTHEMl M 

Doubt might arise as to whether the two heads of a bioral 
Tubutarian manifest the same life-phenomena; as to whether 
th€* two mor)>holo;^cally equal poles are also identical physio* 

jkally. I shall show that this is, indeed, the case, and in 

[»ttig BO shall dwell a little more U|?on the differences in the 

ritability of stem and root, 
1, The stem and root of Tuliularia mesembryanthemum 

ire an entirely difrercnt coutat t-irritahility. If the njoi is 
hri>ught in contact with a aolid body, it attaches itself to it, 
and in ils further growth remains closely atta<*he<l to the sur- 
face of the solid. If an attempt is made to lift the gtem 
from the solid IxkIv, it tears off clo6*> to the n)ot, the latter 
i^maining attached to the base upon which it grew. The 
|M>h p has exactly the opjiositi' irritability, Wh»*n the [lolyp 
c >mes in contact with a solid body^ — for example, when the 
B^em lies horissontally upon the bottom of the aquarium — it 
tMMiti grows away from it. The grottinrf region of the stem 
(vhicli is situated close b(*hijid the ]H>lyp) becomes convex 
«gaiitHt the solid substratum* 

Tbis (sterol tropic) bonding oocura onJ^ m ih^ growing 
^art of the sli^m, and persists when growth has coasi-'d« just 
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as do geotropic or heliotropic curvatures in many growing 
plants. To bring about this stereotropic curvature it is 
necessary that the polyp itself should come in contact with 
the solid body. If any part of the stem alone comes in con- 
tact with the solid, no bending occurs, even though the 
growing part of the stem, close to the polyp, touches the 
solid. The contact-irritability of the polyp is opposite in 
kind to that of the stem ; the stem is positively, the polyp is 
negatively, stereotropic. 

The negative stereotropism of the polyp may be clearly 
demonstrated in the following simple manner: Beheaded 
Tubularians were fixed in a beaker half-filled with sand in 
such a way that one end was fixed in the sand, while the 
other end just touched the side of the vessel. As soon as 
the new polyps were formed and the Hydroids began to 
grow in length, the tips of all the stems bent away from the 
glass sides of the vessel. The direction of the rays of light 
had no efiFect upon this process. 

In all the^e experiments the polyps formed at the aboral 
end behaved exactly like those formed at the oral etui. 

2. I have not succeeded in bringing about either helio- 
tropic or geotropic curvatures in Tubularia mesembryanthe- 
mum. When I fastened the stem in the middle, and when 
both ends were surrounded by sea-water on all sides, the 
stem of the bioral Tubularian continued to grow in the 
direction of the old piece ; it mattered not whether it lay in 
a vertical or in a horizontal position, or in which direction 
the light struck it. This is a remarkable fact, for, in looking 
at a colony of Tubularians, one might easily be led to 
think that they possess heliotropic or geotropic irritability, 
as the stems of such a colony upon the surface of a solid are 
all arranged in the same way. Yet the similarity in the 
orientation might be determined in the main by their 
contact-irritability. The oral ends of the young stems 



Heteromobphosis 127 

grow almost perpendicularly away from their substratum. 
If, in addition, the separate stems stand very close together, 
as is usually the case, the contact of the polyps with each 
other influences their orientation. This has the same effect 
as would be brought about by causing each separate polyp 
to grow in a narrow hollow cylinder. The individual stems 
must thus not only grow away from the surfaces to which 
they are attached, but they must grow away from it in 
approximately straight lines. 

3. Daly ell has observed in Tubularia indivisa — a form 
very similar to Tubularia mesembryanthemum — that the 
polyps drop off after they have existed a certain length of 
time, and that after a longer or shorter period new polyps 
are formed in their places. As soon as a new polyp has 
been formed, the stem begins to grow in length immediately 
under it. The growth continues as long as the polyp exists ; 
as soon as it drops off, growth ceases.* 

I observed the same condition of growth in Tubularia 
mesembryanthemum. The longitudinal growth of the stem 
was continued to a region just beneath the polyp, and it 
continued as long as the polyp existed; when the latter 
dropped off, growth ceased; when a new polyp was formed, 
the stem again grew in length. In the bioral polyps an 
increase in length occurred simultaneously at both ends of 
the stem, so that these stems reached a much greater length 
in a shorter time than any of the normal specimens that 
were e%'er brought to me by the collectors of the Zoological 
Station in Naples. That the stem grows in length close 
behind the polyps at both ends of the bioral animal is 
clearly shown by the fact that the newly formed part is thin 
and transparent, and thus can be readily distinguished from 
the older opaque portions of the stem. Therefore in its 
growth also the aboral pole of Tubularia behaves like the oraL 

1 Bare and Rewtarkable Animals of Scotland (Londoo, 1M7). 



128 Studies in General Physiology 

4. I did not succeed in observing the polyps in the 
process of taking up food. Yet I have noticed in both the 
oral and the aboral polyps the same sudden closure of the 
tentacles which occurs in Actinians when they seize their 
food and swallow it. I shall ishow later in Actinians that 
heads which have been newly formed in abnormal places 
behave like normal heads in the matter of taking up food. 

IV. THE DISCREPANCY BETWEEN ALLMAN'S THEORY OP PO- 
LARITY AND THE BEHAVIOR OF TCBCLARIA MESEM- 
BRYANTHEMUM 

1. I mentioned in the introduction that AUman based 
his theory of polarity on observations made upon Tubularia. 
The discrepancy between AUman^s ideas and my observa- 
tions compels me to enter into a more detailed discussion of 
his theory. 

The passage in AUman's treatise which iö of interest to 
us is the following: 

There is thus manifested in the formative force of the Tubu- 
laria stem a well-marked polarity, which is rendered very apparent 
if a segment \>e cut out from the center of the stem. In this case, 
no matter in what position the segment may be, that end of it 
which was directed downward or proximally, while it formed a 
part of the unmutilated hydroid, will never develop a polypitCy but 
will extend itself as a simple prolongation of the coenosarc; while 
the upper or distal end, instead of Ixxjoming simply elongated, will 
shape itself into a true polypite; and all this is true, though of 
course not the least difference in structure or form can be detected 
between the two extremities at the time of section.* 

Allmau adds in a note that the observations of Dalyell, 
who made numerous regeneration experiments upon Tubu- 
laria indivisa, are in perfect accord with his own. By 
reading Dalyell's pai)er one, indeed, finds the same idea 
expressed as by Allman, althou<^h the term "polarity" is 
not used. It might be thought that Tubularia indivisa, upon 

ILcx'.c*^, pp. xriff. 
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vbteh AllniÄn und Dal yell experimented, behaves typicftUy 
diffemntly from Tubularia mesembryanthemuni, upon which 
T made my ^xjjerimentö, A eertÄin differeme eeeois, in- 
deed, to exist, DalyoU Btatea that the stem of theTnbularia 
indirisa bends upwanl, when laid horijsontally j this I have 
not ol^served in Tubularia mesembryanthemum* 

Yet I do not believe that the conditions determining the 
form of Tnbularia indivisa differ in principle from thoee in 
Tiibnlaiia mesenibryanthemum. For Daly ell notes that h© 
once observed the growth of ptulyps from both ends of a 
piece cnt from the middle of a Tubularia indiviBa. **It 
may be conjectured that tlie summit of Ixith had originally 
coustituted a »ingle embryo, which by partition developed 
into two, becoming progreseively symmetricJil in maturity.^' * 

To explain the formation of a bead at both ends of the 
fltttsn in the single case pst des^cnbed» Dalyell therefor© 
ümmee that the new head divided in the course of its 
davi^lupmeut 8nnh a division would» in coiist*qnence, filwuys 
havo to occur in the case of Tubularia mesembryanthenmnj» 
which ttUhmd excepUan forms a head at fmfh ends^ if b*>tb 
ends are surrounded by water ami have a sufficiently great 
duuueter, and a dividing embryo would therefore have to 
exist in every piece of the stem of Tnbularia mesem- 
brranthemum. Even if one were willing to consider thia 
hyfiothfisis, it yet could not be made to harmonize with 
Allmau's theory of polarity; for, according to this theory, 
htilh tmibryos wt>uld necessarily have to develop always 
at the same end, namely, at the oral one; yet I have never 
fouml two heads to develop here sitle hy sitte, 

2- I might mention that it is possible apjmrently to ob* 
tain such rfsults in Tnbularia meaembryanthenmm as All- 
man de«cribes, if the sterna used in the experiments ar© cut 
off rloae to the r<x>t, and if care is taken, in choosing the 
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specimens, to select only those which are very thin at the 
base. Such a selection might easily be made accidentally in 
an experiment. In this case one might notice that polyps 
arise only at the oral end, especially if the experiments are 
not continued for a very long time. Just as AUman regards 
such a behavior as the expression of polarity in the animal 
body, some botanists speak in analogous cases of "mor- 
phological forces," I believe that the "morphological 
force" which decides that a polyp forms first at the oral 
end of a Tubularian segment is essentially nothing more 
than that the diameter of the tube is very small at th^ 
aboral end of the stem. Yet I prefer not to enter into» 
a discussion of such hypothetical things in this paper. 



y. HETEBOMOBPHOSIS IN AGLAOPHENIA PLUMA 

While in Tubularia we dealt with but a single stem whicl 
imder ordinary conditions ends in a root at one end and in 
polyp at the other, we have to deal in what follows witl 
colonies of animals. The place of the head is here takei 
by a more or less ramified stem possessing many poly 
At the other end is formed a root (as in Tubularia). W< 
shall confine ourselves to experiments upon the 8tems.i^ 
We shall call the end directed toward the root the aboraK^ 
or basal end of the animal; the other, free end, the oraKT 
or apical end. I wished to determine whether it was 
sible to make a new tip grow in place of the root at th» 
basal end of the stem, or vice verseif and how we mighi 
accomplish this. 

1. Aglaophenia pluma (see Figs. 17-19) consists of 
main stem from which lateral branches are given oflf on boi 
sides. These side branches carry polyps u{X)n their up] 
surfaces ; they are slightly convex toward the tip of the mi 
stem and arise from it at an acute angle, which opens toward 
the tip of the main stem. The side branches are the shorter 
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the nearer the tip they are. These points enable one to dis- 
tingoish between the basal end (originally directed toward 
the root) and the apical end (originally directed toward the 
tip) of a stem from which the tip and root have been cut. 
2. I cut oft some stems of Aglaophenia pluma close to the 





FIO. 17 FIQ. 18 FIG. 19 

-^'^'» and fixed them vertically, but with their tips down- 
'^"'^i, into the sand. The tips were planted just deeply 
^-^'^^^•^h to keep the animals in a vertical position. The 
*^ fining part of the stem was surrounded by water. J71 a 
'•^•fcer 0/ these animals new tipSy which continued to grow 
^•^^<:Ärd, toere formed at the basal ends (Figs. 18, 19). At 
**^^ the old main stem grew in length by growing vertically 
f^^^^^rcL From this there then arose the lateral branches. 
••^^ new polyps which were formed grew only upon the 
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upper surfaces of the lateral branches, and were therefore 
directed, not toward the old, but toward the new tip of the 
animal. Furthermore, the acute angle at which the new 
lateral branches arose from the main stem opened toward the 
zenith ; the convexity of the new branches was also directed 
toward the zenith. In this way animals were therefore 
formed which ended in a Up at both ends — animals that were 
biapical ; just as though one were to grow a new top upon a 
tree in place of the roots, without, however, allowing the old 
apex to go to pieces. In the specimens illustrated in this 
paper the tips are still relatively smalL My stay at Naples 
was too short to allow me to wait for them to reach maturity. 

3. When stems of Aglaophenia which had been cut off 
close to the roots, the tips of which, however, were left intact, 
were suspended vertically and in an upright position in. 
water, a new root was invariably formed at the basal encL^ 
and never a new tip. 

It therefore seems that the position of the stem of Aglcuj^^^ 
phenia determines to a certain extent whether a heteromar 
phosis, or only a regeneration, of the lost part occurs ai th^^^ 
basal cut end, 

4. This fact is further supported by the following obsei^K^f 
vation : Wlien stems of Aglaophenia from which the tips an^M^ 
roots had teen cut were suspended vertically in the aquariui^c^ 
so that both cut ends were surrounded by water, a root wo 
ahrays formed upon the end directed dovmward, it mattere 
not whether it was the based or apical end. 

In many cases branches were formed at the end directe^^ 
upward, yet in other cases a root was formed here also. -^ 
root was formed most frequently upon the ends directe-^^ 
upward when the basal end of the stem was pointed in th^P- ^ 
direction; branches were formed most frequently when th^^^ 
apical end of the stem was directed upward. 

It is therefore possible to create bibasal Aglaophenia^^-^ 
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ojid, aeconling to the f?xperinionts thus far made, the method 
^^y which this is accomplisbed cousistä in cuttiug off the ti[>s 
^tid roots of the stems, and sus[)emliiig the stt^ms vertically 

in the aquarium with thc^lr bases fiointiiig upward 

5. When snch segments from which the tij« and the roots 
have been cut off are laid horizontally, and in such a way 
lh«t they are surrounded by water on all sides, roots grow 
only from tho aboral ends of the fragments, while, a^ a rule, 
nt*w tijis grow from the oral ends. Exceptionally, however, 
KkOt« grow from the oral ends also, 

6, Bt^aring in mind the fact that roots may arise from 
mtber cut end and under all conditions, we may say that 
biapical animals may be produced by leaving the tipQ intact 
■jid cutting off the stems close to the root* If such stems 
mtfi siis[)ended veftically, with their ti|>8 downward, new tips 
may arise at the aboral end* If bibasal animals are desired^ 
lleilKS deprived of their tips are cat off close to the root, and 
are »usjHmded rerlicnlly in the aquarium, with their tipa 
doimward. In a!l my experiments thus far performed onlf/ 
roots have bet'n formed at the cut rmh dirtTtrd dinnitcfird^ 

\tthili* fipM or rfjoh have betm furmffl at the ad ends ditTctrd 
Inpteanl^ Besides the inSuence which the position of tlie 
^tem has upon the formation of organs, another at pn^seut 
[mknown, and therefore uncontrollable, factor exists which 
ieia posaible the growth of a root at the cut end which is 
upwanl. Yet I l>elievo it i>ossible that purely 
conditions (whicli were satisfied iu the aquarium, 
Id which possibly some day may 1m? bnjught under con* 
^1) determine this strong tendency toward the formatitm of 



It still remains to be investigated whether gravity or light 
Ih circumstances have an influence upon the formation 

le organs in this case. In all my experiments performed 
far in the dark room, no regeneration whatsoever of tba 
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lost organs occurred — a fact probably not entirely due to 
lack of light. 

7. The roots were characterized by a distinct kind of 
contact'trritability and by a tendency to bend downward^ 
which I shall now discuss. 

When a root was formed at the cut end of a vertical stem, 
it at first grew horizontally for a short distance — when it 
did not come in contact with solid bodies — and then down- 
ward (Fig. 19, tTj). In stems lying horizontally the root 
grew directly downward. In animals thus operated upon, 
adventitious roots were also often formed at the middle of the 
stem. I have never found these adventitious roots upon the 
uninjured animals taken from the ocean. They grew directly 
downward toward the earth (Fig. 19, w^^. The phenomenon 
seemed strangest of all when such adventitious roots arose 
from a stem fixed in the sand in an inverted position (with 
the tip down) ; in this case the root grew toward the apical 
end of the animal. At times these downward-growing roots 
showed torsions such as are found in winding plants. 

8. The newly formed main stems behave in a way oppo- 
site to that of the roots ; they grow vertically upward. This 
contrast between the root and main stem is shown most beau- 
tifully when new stems with polyps arise from the newly 
formed root itself. In Fig. 19 is shown a branch which, 
after having been deprived of its tip, was fixed vertically in 
the sand with its tip directed upward. In place of the tip 
a new root Wi grew from the main stem, at first horizontally 
and then downward. A young branch s arises from the 
root xci and grows vertically upward. 

In another stem all the lateral branches had gone to 
pieces; it had been suspended vertically. I believed that 
the animal had died, when from the middle of the stem 
branches began to arise, which proved to be both roots and 
polyps ; the roots sprang from the lower portions of the stem» 
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the new stem from the upper portionB, The new stems grew 
upWÄrd, the roots downward. I have seen such new stems 
arise, not onlj from the mam stem and the main roots, but 
fij^o from the adventitious roots. Here also the new steins 
alwETB grew upward. Finally, I have seen new stems, which 
also grew upward, arise from stems lying horizontally. 
When, however, I cut off the tip from stems lying hori- 
zontally, and regeneration occurred without heteromorphosis 
or deformity of any kind, the new tip showed, so far as 
mj present experience goes, no tendency to bend upward* 

9. All newly formed stems arose from the upper surface of 
ihm «tern or root (see Fig. 19, a), it mattered not whether they 

I grew upon the main stem or u[>on the accessory roots. The 
^ i öoesflory roots s])rang from the lower surface of the stems 
^■pben these lay horizontally. Whether all these phenomena 
^Tie determined solely by gravity I shall attempt to decide 
by further exi)eriment, 

10. That form of contact-irritability which I have called 
fttereotropism yilays an important role in the growth of the 
root of Aglao[)henia. When the roots come in contact with 
a solid body, they attach themselves to it (by means of a 
Becretii>Dy) and grow along its surface. This attachment is 
a phi^nomenon of irritability which is called forth by contact 
with the solid body itaelf ; for when the root is brought in 
contact with a ßoiid body, it does not immediately stick to it, 
but only after contact has lasted for some time (often as long 
fts twenty-four hours). Only the growing part (tifi) of the 
root i» able to fasten itself to the surface of a slide. The 
root •dlien*s so Urmly to the solid body that it is imfiossible 
to lepamte th*^ I wo by traction; the root tears before it can 
be paUed from the solid botly, I have not as yet observed 
tbt» bnuiches of iVglaophenia bend atmif^ from a solid Ixxly. 
Tel I have proved with certainty that growing branches car- 
fj\sm fiolyps never attach themselves to a solid botly with 
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which they are brought in contact, no matter how long one 
may wait; while, on the other hand, this reaction is always 
obtained with certainty in growing roots. I have also 
assured myself of the fact that when adventitious roots are 
brought in contact with the wall of a beaker, they imme- 
diately attach themselves to it, and grow on its surface. 

11. As soon as a root comes in contact with a solid body, 
it grows rapidly in lengthy and in a few days exceeds the 
length of other newly formed and equally long roots, which 
are prevented from contact with solid bodies.^ 

The attachment of the root to a solid body influences form 
in a second direction. While we observed above that new 
stems grow from the upper surface of a root when it is sur- 
rounded on all sides by water, we find, when the root is 
attached to a solid substratum, that the stems arise from that 
surface of the root which lies opposite the solid body. In 
their further development these stems also grow only straight 
upward, though not entirely vertically. 

12. I have observed in the roots of Aglaophenia a phe- 
nomenon relative to growth which has thus far been known 
only in plants. 

The longitudinal growth of the root is confined to a nar^ 
row region situated near the tip (while no longitudinal 
growth occurs in the remaining portions of the root). This 
could be shown in the following way : I permitted the roots 
of Aglaophenia to attach themselves to a slide and grow 
upon it. A slight bulging out soon occurred just behind the 
tij>8 — the beginning of a new stem, which on the next day 
reached a length of ^mm. and soon thereafter bore polyps. 
I marked the j)osition of the beginning stem on the glass, 
by etching a line into the glass. The i)osition of this new 

1 Daltell observed in Sortularia halocina that new firrowths ooeur which 
adhere to other solid bfnlies and thereby become abnormally Ion«. ** These ooin« 
inK in contact with a solid surfuco have a tendency to adhere and to extend in 
irregular proloD»?ations surpassing the natural increment," Rare and Remuirkablt 
Animals of iScotland (London, 1H47), p. Ida. 
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stem npon the glass remained permanently the same, 
though the tip itself moved forward at the rate of about 
1mm. each day. The longitudinal growth must, therefore, 
have occurred in the narrow zone lying in front of the netc stem, 
13. These experiments were made in April when the 

AglaophenisB were sex- 
ually mature. One day I 
observed a number of small 
(about ^mm. long), whitish, 
cone-shaped larvsB that moved 
over the bottom of the 
aquarium toward the window, 
and remained there. The 
next morning, however, they 
had all disappeared, so that 
I can only suspect that these 
organisms, which in the 
moment of observation were 
positively heliotropic, may 
have been larv» of Aglao- 
phenia. 

VI. HETEBOMOBPHOSIS IN 
PLUMULABIA PINNATA 





1. I have made a series of 

FIG. 20a Fio. 306 experiments, similar to those 

made upon Aglaophenia, upon Plumularia pinnata, which in 

form closely resembles Aglaophenia pluma. I wish to 

describe one of these experiments here. 

A series of stalks were cut off close to the root and fixed 
vertically in the sand, so that the apical ends were covered 
by it. In individual instances, but only very rarely, a new 
tip was immediately formed at the aboral end, so that I ob- 
tained biapical animals similar to those of Aglaophenia 
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pluma ; the new apex, however, was not so regularly formed. 
Occasionally a lateral branch was missing upon the side of 
the main stem. In the majority of the experiments, how- 
ever, such figures as are shown in Figs. 20a and 206 were 
formed. A new piece be at first grew vertically upward 
from the main stem ab until the new stem ce was formed^ 
which usually grew vertically upward ; the polyps of this new 
stem ce were all located upon the upper surfaces of the lateral 
branches, so that the new stem ce was oriented symmetri- 
cally to the old stem ab with respect to a horizontal axis. 
After this the main stem began to grow horizontally and 
finally downward. 

2. The newly formed parts be arising from the prolonga- 
tion of the main stem, and growing at first horizontally and 
then downward, all possessed the contact-irritability of 
roots, namely, positive stereotropism. When brought in 
contact with solid bodies, they attached themselves to 
their surfaces and behaved like the roots of Aglaophenia 
pluma. Only the growing parts of the roots were able to 
attach themselves in this way. Here also the influence of 
contact stimuli in determining the point of origin of 
branches again showed itself. While the branches arose, 
almost without exception, from the upper surface of the root, 
when it was surrounded by water, they were formed upon the 
side opi)08ito the solid substratum upon which the roots grew, 
in roots which were attached to the surface of a solid body. 

The experiments were made in an aquarium which was 
far removed from a window, and into which only very weak 
light fell almost horizontally. In spite of this, the branches 
grew vertically. This seems to indicate that light has no 
influ(uice in this case in determining the place where new 
organs are formed. 

The protoplasm retracted from that portion of the branch 
which was buried in the sand. 
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VII. HETEBOMOBPHOSIS IN EUDENDBIUM (BACEMOSUM?) 

Endendrinm (racemosum?) (Figs. 21a and 216) consists 
of a main stem which terminates in a polyp at its upper end 
and in a root at its lower end. The root adheres to solid 
bodies. Stoat lateral branches arise from the stem and 

grow npward. They 
also carry polyps at 
their tips. New branches 
may again arise from 
these, all of which are 
directed toward the tip 
of the main stem. I 
cut oflF the tips and roots 
from stems of Enden- 
drinm and suspended 
them in part with the 
tip, in part with the 
base directed downward 
in the aquarium. Both 
ends were surrounded 
by water. The stem 
began to grow from the 
two extremities, and 
polyps were formed at 
FiG.aa FI0.216 both etuls (Figs. 21a 

and 216). All Eudendria became biapical {jtist as doi*s 
Tubularia mesembryanthemum under similar conditions); 
^th this difference, however, that in addition to the new 
tip, roots were at times formed, atone of the cut ends, which 
was never the case in Tubularia. 

To maintain the pieces of Eudendrium stems in a vertical 
position in the aquarium, I pushed them through U»ad plates 
in which fine holes had been punched. The plates rested 
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upon beakers. While the upper end of the animal was, 
therefore, in the aquarium, in which the sea water was con- 
tinually renewed, the lower ends of the stems dipped into 
the beakers in which the circulation of the water was much 
less perfect than in the rest of the aquarium. Striking 
differences existed between the new growth which occnrred 
at the lower end and that at the opposite end. The lower 
end in the poorly aärated water formed a new polyp upon 
the main stem, but its growth was slow, and the formation 
of new lateral branches occurred either not at all or only 
slightly as compared with the corresponding processes at the 
other end. (Possibly light and gravity may also have played 
a role in bringing about this result.) In what follows we 
shall consider only the new growths which occurred at the 
upper end of the vertically standing stem. 

2. When the basal end of the stem was directed upward, 
and new side branches were formed, they were directed, not 
toward the old tip, but toward the new tip. In Figs. 21a 
and 216 a6 is the old stem, 6c the regenerated tip, and ad 
the heteromorphic tip at the aboral end. The newly formed 
branches s are all directed toward the heteromorphic tip d. 

In a larger number of cases new stems were formed also 
upon the old lateral branches after the stem had been turned 
upside down. Some of these did not grow downward toward 
the old tip, but in the opposite direction, upward, toward 
the new tip. Fig. 216 illustrates such an instance. After 
the whole stem had been sus{)ended in an inverted position 
in the aquarium, a new branch s, was formed upon the 
lateral branch c, and grew upward, toward the new tip. It 
had, moreover, been formed upon the upper surface of the 
branch e. 

In the arrangement of now organs in Eudendrium we do 
not, therefore, deal with a *'i)olarity" which is determined 
solely by internal structural relations, 6m/ with the effects of 
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Btimtiii in which not only the tnienml structural comlifions^ 
but these mid the t^rlrrmd sfitntili tiHjiHht^^ iMermine the 
fTBuIt. The external stiumli with wbkh we deal here seem 
to be l%ht and po©sil>ly gravity. 

3, The eflfect of light upon the formation of new polyps 
in Eudendrium U shown in an nnniistakabte way. When one 
compares the naml>erof new polyjjs and branches formed 
upon the window side of the etem with thoee formed upon 
the r>90in side, one finds that the number upon thö window 
side is very much the larger. 

The branches are, moreover, positively heliotropic, I 
cot off a Endendrium at its base, close above the root; a 
new [Kilyp was formed iijx)n the tip of the stump that 
remained. The stem then began to grow rapidly. The 
growing, apical portion of the stem bent toward the window 
mdp of the aquarium. That part of the stem which was not 
gfomug actively showed no heliotropic curvature. 

-L I have made a single obeervation which seems to indi- 
cate that eurrents in the water, if they are continued for 
mome time and alwayj^ in the same direction, can pro* 
dacse curvatures in a growing Eudendrium stem. The anal 
opening of a large Ascidian was aitnateil near a growing 
Eudendrium stem, so that the stream of water ejected by 
the ABcidian struck the Eudendrinm. The growing i>art of 
the Eudendrium which was struck by the current of water 
bent so aa to have its concave side directed toward the 
«octree of the current The other stums of the same 
culture which had been subjected to otherwise similar treat* 
tueni had all Ijent ti>ward the source of light This observa- 
tion alao abows that the rheotn*pism of tliese Eudendrium 
fitemii — if w© are, indeed, dealing with thi.^ phenomenon— 
ifl «ble to overcome and to veil their heliotroinsm. 

5. In a few caaea in which contact had l^een especially 
roots were formed in the middle of the stem, where it 
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fit>pic root arises from the main Btem, and from this {tqmn 
the side directed toward the lighf) spriDg new posiiivelv 
heliotropic stemB. This arrangement corresix>ndö with that 
flo oftt^n found in Plumularia pinnata. 

The roots are positively stereotropic as in the other 
HydroÄoa. Wben brought in contact with a solid l>ody they 
attach themselves to its surface. As soon as the roota have 
attached themselves, the position of the new stems forming 
afton the roots is determined by the contact stimulus; the 
new stems arise from those |>oiuts on the surface of the root 
which are diametrically op[josite the subBtratum to which the 
root is attached- 

The fact that roots and stems may arise eimultanf^oiisly 

and side by side from the basal end of an organ has nlso 

l^een observed in certain organs of plants; e, g., in fragments 

<if leaves which form both roots and stems at their bases. 

^TTie protoplasm retracted frt>m that piece of the Sertularia 

Stem which was covered by sand. 
L 2* When the tiji® were cut off of stems which were Hxed 
Flh<* sand in a vertical and upright position (with the tip 
^pwan)}, simple regeneration of the tip followed in the great 
knajorilT of cases. Only once or twice did I see a root aribe 
^rom the tip of a vertical and upright stem. 

3. In inverted stems occasionally new stems aruEc from 
Ui0 middle of the old stem itjMm the side directed toward the 
Iniroe of light. These grew in a direction determint**J by 
Eneir jnÄitive heliotropism; when the light came from above, 
the J ^?rew upward toward the basal cut enil, 

Boi>ts which were formed in the middle of inverttii steins 
[^Fi*^* 22fi) grew downward and toward the room side of the 
lariam, when the light fell u|K)n them from above. 

Driesch has obeerved a phenomenon of growth in 
sisMiis of Sertularella [»olyzoaias which were cultivated 
ler *' unfavorable'^ conditioni that I have never found in 
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my specimens of Sertulariaa 
^'*In place of normal individuals, 
stolons were formed."* I have 
observed these abnormalities, 
however, in Gonothyraea Lovenii, 
which I grew in poorly aerated 
aquaria. 

HETEBOMOBPHOSIS IN OONO- 
THYB^A LOVENII 

Stems of Gonothyrsea Lovenii, 
which were cut off close to the 
root and fixed vertically in the 
sand with the tip downward, 
formed new tips at their upper 
basal ends, so that biapical stems 
resulted (Fig. 23). 

The influence of contact 
stimuli ujwn the longitudinal 
growth of the roots was very 
marked. Roots that were 
brought in contact with 
the surface of solid bodies 
grew many times faster 
than roots growing in the 
middle of the aquarium 
without anv such contact. 



• II l»».n M ti, " HrJiotroi.iMims lM>i Hydroidpolypt'D," Zoologitche Jahrbücher, 

I, ..... „• ^. I.CII vi.lt Sl'h.NUKL, Vol. V, p. I'jO. 
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When the roots wer^ bmiight m touch with tlie stirfuce 
the water, the latter acted iijjon the root ns a solid bodj% 
I root began to grow r«i|>idlj iu length, aitachiii*^ iteelf to 
■mrfaee of the water (as if it were the surface of a solid 
fy)* T\Tienever a root adhered to a solid body new stems 
me from that surface ot the ro*4 which lay diametrically 
Bite tu the solid body* Usually these branches then grew 
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FIG. 35 



tsidicularly away from the surface of the solid IwMly. 
I HAW stems anise from roots growing along the surface 
the water, the stems grew vertically downwariL 
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O^ THE FOBMATIOH C>? TENTACLES IS CEEUKTHC8 
MEMBHANAC£;iS 



I shall now discuss s<jme cx|ii*rimentB iitHjii imimals 
ich enHytn to Ijchave in accordance with All man's thi*ory of 
ftrity, inasmuch as in these I did not succeed i« producing 
|ted in the place of ati aboral |K»]e, The exjierimeiits 
■owever to the pnKluction of s^neral heads lying one 
pi» the other in one and the same animal (see Figs- 24^ 
I. The irritability of the new heads could easily be com- 
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over, I bad the opportunity of studying new reUtions Ije- 
tweeQ irritability and body form, and in addiikm ouo of the 
fundamental L-unditions which underlie groi^ih. These lat- 
ter observBtions j)oint to a greater simikrity between th«? 
general life-phenomena of animals and plants than has tbuä 
far been known. 




The exf*eriments were made upon Cprianthus niembn 
ceua The animal consists of a long, soft» and soitM^--^ 
cylindrical body, carrying a heavy crown of tentacles at 
oral end (Fig. 20, n), while at its aboral end (Fig. tiO, h} iC>^ 
smooth and rounded. 

The tentacles at the oral pole are arranged abont the OT"^ 
plate in two concentric circles; the outer circle consists ^ 
long, the inner of thin and short tentacles. In the middle -^ 
the circle is situated the oral opening, whicli B^nres also tf 
functions of an anus. The body of the animal is hollvr^ 
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id the reader who is nnacquaitited with zoology can best 
cture the animal to himself by imrigiDing a sftck made u|> 
^ au elastic, eoiitractile wall, the opeaiug of which is sur- 
imnded by tentacles* 

ITji^ animals which I obtained iu Naples were 5— 10cm, 
ng* They are very common in the Mediterranean and are 
esjjecially adapted to physiological ex|>eri- 
menta becanBe they are very tough and 
comparatively long-lived. The animal lies 
buried iu a mucous envelo{>e in the sand. II 




Jäi4 



.4 



no. Tt 




no. 2» 



wiü.m 



ly tbrtista it» head ontslde of the envelope to catch small 
ino ftnimala for ita prey* The envelope ia formed by a 
ion from the skin, 

ie dingoiml IneiBions (nch, Fig, 27) into tlie middle 
irge numbi^r of such C^erianthi. After a few days 
ti^ntßclea liegin to spring from the cut surface U\ 
ich grow ra[*idly und correajxind in form, c*olor, and mark- 
p wilh the tentacles at the oral jMjle. / hart* nert-r aertt 

^ati iniHeitiion of tftf forwntkm of m'tr fettiaclns ttt 
her tut Burfm^, ar^ Fig«, 2H and 29 repref»ent f^nch an 
bDul eight days after an incision had been made. Tentacles 
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spring from the lower cut surface ; the upper cut surface / 
is free from tentacles. The cut surface ac (Fig. 27) suffers 
changes which lead to a rounding off of this part, and make 
it resemble a foot. I have made more than a hundred such 
experiments, and yet have always obtained the same result. 
In order to have new tentacles form it is necessary to pre- 
vent the lips of the wound from healing together during the 
first few days after the operation. I attained this end most 
easily by laying the operated animals upon a wire screen ; 
the animals would push their aboral ends through the 
meshes of the screen up to the incision. The wire then 
pushed itself between the lips of the wound, and so prevented 
the edges from healing together. First the outer row of 
tentacles and an oral plate were formed; then an inner row 
of tentacles originated ; so that finally such an animal pos- 
sessed two morphologically identical heads the one situated 
above the other. Such animals are represented in Figs. 24 
and 25 ; a is the old, b the new head. The new head in 
Fig. 24 is about three months old; that in Fig. 25 is much 
younger. By similar means I also succeeded in producing 
animals with three heads, situated one above the other. 
There was nothing to prevent the production of a still larger 
number of heads lying one above the other, if there had 
been any object in doing this. I noticed that the formation 
of a new head and the growth of the new tentacles generally 
occurred more quickly and were the more considerable the 
nearer the incision lay to the oral pole. In animals with 
three heads, that lying nearest the foot had the smallest 
tentacles. 

When the incision was made very near the aboral pole, 
no new head whatsoever was formed. Fig. 25 shows an 
animal into which I made two incisions at the same time — 
b near the middle and c near the aboral end of the animal. 
It will be seen that new tentacles have grown from the 
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incision h. while none have grown from the ineiBion c near 
the foot end, even though the lips of the wound were pre- 
Tented from healing together. In the drawing which was 
made from life^ the cut is relatively far removed from the 
ffK>t end of the animnh This is because the aljoral end rd 
lying tiehind the eei-imd cut is greatly stretched, while that 
jwrtion of the animal lying anterior to the incision is con- 
tracted It will also be seen that after such an incision both 
Lpartfi liecome indepeudeut of each other to a certain extent; 
much as after transverse section of the spinal cord in one of 
the higher animals the incision renders the two parts of the 
imal comimratively independent. 
8. I found no statement in the literature as to whether or 
not stich oliservations had already been made ujwjn other 
animals. It is, however, known that a new Hydra may spring 
urn the Ijotly of an old one, which increases in size, and 
Trnfter a certain time sejmrates from the mother to lead an 
individual existence. As long as it remains attached to the 
Qiother, the whole is to be regarded as an animal with two 
heads situated one above the other; for the body cavities of 
the yonng and the old animal communicate with each 
other. Yet such a Hydra is essentially different fnim our 
Oerianthus. Wtnle in Hydra not only a head, but a whole 
Ijndy is formed, only the oral plate is formed in Cerianthus, 
While the new animal ht^*omeB detached after some time in 
Hydra, the new head in Cerianthus remains permanently 
attached to the mother. Furthermore, while in Hydra the 
newly formed individual has the same number of tentacles, 
Aud the same cylindrical form as the mother, the number of 
leaticleft that grow in Cerianthus ia de|K.mdeut ujKtn the sisse 
of the incision. The smaller the incision, the smaller is the 
oomber of tentacles that are formed. Only a segment of a 
head, oorrveponding to the size of the incision^ is therefore 
formed when an incision is made into a Cerianthua A 
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study of the illustrations shows that the number of new 
tentacles corresponds to the size of the incision, and increases 
or decreases as the length of the incision increases or 
decreases. 

4. I cut rectangular pieces from the wall of Cerianthus 
by cutting off the head and the foot trans- 
versely, and dividing the resulting hollow 
cylinder by a longitudinal cut. These 
rectangular pieces formed tentacles upon 
only one of the four cut edges. This 
was upon that edge which was originally 
directed toward the oral pole of the 
animal. If ahcd^ Fig. 30, represents 
such a piece, the new tentacles sprang 
only from the edge ab. The three 
remaining sides remained 
absolutely free from all 
evidences of new tentacles. 
Thus far this experi- 
ment corresponds in behavior with that of an 
analogous experiment upon Hydra.' But 
while the piece removed from Hydra forms a 
new cylinder, and a closed body-cavity before 
the new tentacles sprout,* the tentacles upon 
the pieces of Cerianthus are formed without a 
new body-cavity originating, and even while 
the entoderm is still exposed. The cut edges 
that are free from tentacles may never heal 
together, and a new body-cavity may never 
be formed. In Fig. 31 is given a picture of a fragment of 
Cerianthus bearing large tentacles while the body- cavity is 
still open and the entoderm still exposed. The cut edges 
show inversions and puckerings, to which I shall return 

J See TsniiKAWA, ZeiUchrift für iristtenchaftliche Zoologie, Vol. XLIX, p. 441. 
'- NusKBAUM, Archiv für mikrogfcopische Anatomie, Vol. XXIX. 
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later. Fig. 32 shows the animal two months later. The cut 
edges have coalesced, and the animal resembles somewhat a 
normal Cerianthus. The inner row of small tentacles has 
also been formed in addition to the large peripheral ones; 
bot — and herein these phenomena again differ from those 
observed in Hydra — the number of tentacles is only a frac- 
tion of the number of tentacles of the normal head, corre- 
sponding to the size of the oral cut. Nor do the ends of 
the two rows of tentacles meet to form a closed circle. 

After what has been said, it need not be emphasized that 
the formation of tentacles is independent of food-supply, as 
the taking up of food is impossible without a body-cavity. 
When the pieces are too small, no tentacles whatsoever may 
be formed. 

From all that has been said, the following observations 
are easily understootl. When a Cerianthus is cut completely 
in two transversely, the aboral j)iece forms a new head, 
bearing a normal number of tentacles, while at the lower end 
of the oral piece, which has to regenerate a foot, new substance 
is deposited upon the cut surface which restores the con- 
tinuity of the ectoderm at this end and assumes the rounded 
form of the foot. 

If head and foot are both cut from a Cerianthus, the 
middle piece forms new tentacles at the oral and a new foot 
at the aboral cut surface (the latter is formed more quickly 
than the former). But this is possible only as long as the 
pieces exceed a minimal size. 

5. I have tried to control the place where new tentacles 
are formed by contact stimuli or by orienting the animal in 
different ways against gravity and light. All of these exjieri- 
ments have thus far been unsuccessful, if for no other rea- 
son, l)ecause it was imi>ossible to maintain the animal in any 
abnornal position for any length of time. The following 
cha?»rtr will give the reasons for this behavior. 
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For the time being, therefore, the place where the ten- 
tacles in Cerianthus are formed is determined by the following 
law, which is only a somewhat modified expression of All- 
man's theory of polarity: 

The place where the tentacles are formed on a fragment 
of Cerianthus is dependent upon the orientation which the 
fragment had in the uninjured animal. The tentacles always 
grow upon the cut surface which was directed toward the 
oral pole of the uninjured animal. 

If for any reason, therefore, we might wish to know how 
a fragment of Cerianthus had been oriented in the uninjured 
animal, we should only have to wait until new tentacles wer^ 
formed ; the side upon which the tentacles sprouted would b^ 
that which was directed toward the head. 

XI. relations between form and irritability in 

CERIANTHUS 

As is well known, it is possible to determine from tb 
physical behavior of a fragment of a crystal how it 
oriented in the crystal. I have tried to determine whethe: 
or not relations between body form and irritability can 
shown to exist in living animals comparable to those exist! 
between the geometrical form and the physical behavior o1 
crystals. Such a relation, indeed, exists in Cerianthus, ani 
this can be recognized, not only in the uninjured anima 
but also in the animal deprived of its head or foot. This ii 
true, under certain conditions, even in fragments of an ani 
mal. In this way it is sometimes possible to recognize froi 
the behavior of a fragment toward external conditions whic" 
of its ends was originally directed toward the oral pole. 

When the external conditions permit of it, Cerianth 
membranaceus assumes a position in which its long axis v^ 
absolutely or nearly vertical, and in which its oral pole iö^ 
direct(»d upward and its aboral pole downward. If the head- 
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mfke foot of OriRiitbiis is am|mtated, or if a piecje is cut 
SI of a Ceriantbus, the fragmi?fit, if not too gmalU and if 
ixtemal conditions permit of it, again assnm^B a verticul 
loeittotif with its oral end directed upward and its aboral 
fud directed downward, I shall now describe these phe- 
lomena in greater detail. 

1, If a Cerianthus ia laid uf>on the bottom of a vessel 
overed with sand, after a few minutes the foot of the ani- 
mil begins to K^nd downward near its tip and to bore into 
b© sand. In half an hour or less (at the proper temperature 
mA with irritable animals) the entire animal has buried itself 
i^ittcnllj in the sand up to its head. It remains perma- 
lentljr in this position, if other circumstances do not induce 
t to move. 

EL A wire net, the meshes of which are so narrow that 
body of a Cerianthua can only with difficulty be drawn 
ngh them, is supported horizontally u|x>u a glass vessel 
nil set into the aquarium. A Cerianthus is laid u]X)n the 
rire aet. After a few minutes the foot of the animal begins 
o turn downward, and to bore through one of the meshes of 
be wire net. That |x>rtioü of the fo<jt which has passed 
hitvii^h the wire net assumes (tn ahsißlutrltf or neurliß r€*r- 
lYVff po»iiion^ ami remains so permanenily. No change 
c^urs at the oral {n^le, except that the t tentacles close together 
a- that they look like a brush, the handle of which is formed 
y tho remaining jjortion of the animal. The animal crowds 
m bfxly more and more through the mesh in the net, until 
^iialty attains the vertical position shown in Fig. 20. 
Hi, This orientation can abo \n* reached within half an hour, 
tot while the Actinian generally remains in the sand after 
Bxin*4 buried itself vertically iu it. an animal upin the wire 
?n rarely retains the orientation described longer than two 
i; it either works itself entirely through the wire ecTeen, 
retracts its foot to bore it through another mesh 
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in the screen, or to move oflF the screen entirely. If, 
as soon as the animal has assumed the position shown in 
Fig. 26, the wire screen is turned over so that the foot of the 
animal is directed upward, the foot is not withdrawn, but 
begifis to bend vertically downward from the tip. The bend- 
ing then passes from one ele- 
ment of the body to the next, 
^ from the foot to the head. As 
^^ soon as the tip of the foot again 
touches the screen, it pushes 
itself through it as far as pos- 
sible. If the wire net is again 
turned over, the whole process 
is repeated anew. In this way 
the animal can be compelled, 
by the help of gravity alone, to weave itself through the 
meshes of the screen several times "of its own accord." 

Fig. 33 shows a Corianthns which has thrice passed 
through the meslies ot the screen in this way. The drawing 
is taken from life. 

4. Suth a Ixmdiiig downward, which has been accurately 
studied in negatively geotropic roots, has never been demon- 
strated, so far as I know, in animals. I will therefore cite 
another exjH»riment which better illustrates the course of 
this reaction. If a Cerianthus l)e put into a test-tube filled 
with sea- water, and the test-tulx? In» placed so that the head 
of the animal is down and the foot up, while the long axis of 
the animal is vertical, the tip of the foot begins after some 
minuti's to In^nil vertically downward. In Fig. 34 is shown 
the course of sueli an ex|H^rinient. Several minutes Ix^fore 
VI o\-l(H*k the animal was placed in a test-tuln» in the p:)8i- 
tion dt»scril>eil. At VI the foot of the animal had Iwgun to 
Ix^nd downwanl (Fig. .*U. <M: intheni'xt thirteen minutes the 
Ix'nding gradually advamed ti>ward tlu» head (Fig. 34, 6). 
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Ive minutes later the foot reached the bottom of the test- 
lb© (Fig. 34, c). The bending spread gradually to elements 
fln^ nearer the bead ; as the foot could no longer advance 
_ ieally, it was pushed horizontally over the bottom of the 
lMl4l]be; and at the same time the head^ which until now 
had played no active part, was slightly raised {2:35 p* m., 
Fig, 34, <i). The bending then pa^setl from one element of 
tbi* body to another, until the head was brought into an 
©r«?ci [xisition (Fig, 34, e). Finally the entire animal righted 
itftelf so that at 1 o'clot/k it had the (»ositiou shown in Fig, 
34 *y). The whole righting process had therefore occupied 
an hour. The animal remained in this post Hon for two days, 
when it crawled out of the test-tube, I have rejjeated the 
eiperiment many times, but always with the same result. 

5, If a Cerlanthus is divided transversely in the middle, 
and both pieces are laid upon the wire screen, they work 
their, way (often immediately after the div^ision) through the 
screen with Ihetr €iboral rmh dirfTtetl dotrnwurd. If the 
head and foot of an animal are amputated, the middle piece 
umy still show this reaction* When this occurs, the nboral 
end idwutfs bi*mU dowmvartl^ and works its way through 
the wire screen. Never have I seen the reverse occur— 
that such an animal assumes a positiou in which the oral 
pole m directed downward and the aboral [x>le upward. I 
wished to determine whether light or gravity had any effect 
ujion the poeition of the new organs formed in these luadless 
aitd footless animals when fixed vertically in sand, with 
their atjoral ends directed iipwanl; in no case, no matter liow 
often I fixed the animals in an inverted [losition in the sand, 
dkl I succeed in retaining them in this {xjeition longer than 
two dajB. Nor did they remain with their aboral cot ends 
directed downwsrd in a narrow test-tul>e the long axis of 
which fttiKxl vertically. In all cases they turned their oral 
jpolee upward. 
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S6« We have eean that In the uninjured animal it iß the 
t which first bends downward on the wire screen and 
tsstimes a vertical [position; while the head is the last to 
issume this orientation. If an animal is cut across trans- 
neisely, and the two pieces are laid side by side upon the 
fire screen immediately aft<^r the oj^ rat ion, the aboral frag- 
nent carrying the uninjured foot begins to bend down 
Fertically sooner than the oral fragnient which carries the 
ijead. 

« This difference in the irritability of the two portions of 
pi animal can be shown very prettily by making a trans- 
reiBO inoiaion at about the middle of the animal, ao that 
)otIi pieoea still hang together. If such an animal is laid 
ipon the wire screen, immediately after the opetatian, the 
foot works itself through the mesh in the net to the incision 
md assumes a vertical {)OBition, while the oral piece extend- 
mg from the incision to the heatb usually remains lying hori- 
psntally a|xm the wire screen. 

v7. If the heads of Cerianthus, which have been etit off 
»Sie Ui the oral plate, and which no longer work their aboral 
poles through the wire mesh when laid u[)on it, are laid njiun 
ihB asiid for a time, they also at length assume a {xjsition in 
vrhich their long axis is in a vertical position. One receiver 
Ihp impreasion at first that one is dealing with normal 
■bnals Imricd deep in the sand< The method by wliich 
they f^etain their vertical position is remarkable. Certain of 
the cells of the ectoderm secrete a mucoid substance to which 
lieriiek of sand become attached. But this secretion is 
foffmed only on the base of the pieces which have been cut 
yS just below the oral plate. The kernels of sand which 
idbere to the bixse have a greater s|x?cific gravity than the 
mimal it^lf, and this kee[>s the animal in an upright poei* 
tion. 

8- All thege eiperiments succeed equally well in the light 
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and the dark. The fact that the animal assnmeB a vertical 
position in every case seems to indicate that gravity is the deter- 
mining factor. I have tried to see whether the animal would 
assume upon the centrifugal machine the position of one of the 
radii, that is, with its foot directed toward the periphery 
and its head toward the center of the rotating disc. But 
the animal had always to be kept in a vessel of water in 
these experiments, and the currents set up in the water by 
the rotation interfered with the movements of the exceedingly 
soft animal. Even when the animal was fastened to the 
wall of the vessel by a needle, its free ends were always set 
in motion by the water. Nothing remained, therefore, but 
to introduce the animal into a long test-tube which was fas- 
tened radially upon the revolving table, and to observe 
whether the animal directed its foot or its head toward the 
center of the revolving table. The experiments which have 
been performed thus far have not given a uniform result. 

9. The animal retains a vertical position permanently 
only when at the same time contact stimuli act constantly 
uix)n its entire surface. The animal retains a vertical position 
permanently in the sand, but only for a few days at the best 
upon a wire screen. Iwas also able to keep the animal ^^rma- 
nently in a horizontal position in a closely fitting test-tube. 
The head which projected beyond the lips of the test-tube 
was directed vertically upward. 

How strongly these animals are compelled to bring as much 
as ix)ssible of their bodies in contact with other solid bodies is 
evidenced by the fact that they crowded themselves forcibly 
under lead blocks and lead plates which I had laid upon the 
bottom of the aquarium. This is the same form of contact- 
irritability that is found in Forficula, larvae of Musca, winged 
ants, etc. —a phenomenon which I have described in greater 
detail in previous [mblicatioiis.' 

1 '*Tho Tloliotropism of Animals," p. 1, and also ** Farther Investigations on tho 
Heliotroiiism of Animals," p. 89. 
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10. The morphogenetic polarity discuseed in the preced- 
ing ehopter therefore corre9i>onda with a polarity in regard 
to th<^ orientation of a Cerianthus toward gravitation. Since, 
however, we are as little acquainted with the structural con- 
ditioiie which determine the orientatiüu of a Cerianthus as 
with the structural conditiona which determine that the for- 
mation of tentacles only occurs at the oral end of a fragment, 
the qaestion aa to whether the same conditlonB underlie both 
phenomena cannot as yet lie discussed, 

XtL FrETHEB BEMABE^ ON THE POKM AND LIFE PHENOMENA 
OF THE NEWLY FORMED HEADS IN CEBUNTHi:S 

1, If a transverse mcieion such as described in see. x 

made fairly close to the head, the edges of the wound do 
not draw together so easily. In this case new tentacles» a 
new cirnl plate, and a new mouth are formed at the oral cut 
edge. The part aliove the incision may persist for monthB, 
bat finally it dro])ö off like a wilted leaf. 

If, on the other hantl, the incision is made in the middle 
of the animal, the tendency for the edges of the wound to 
heal together is very great. Xew tentacles (external aiitl 
internal) and a new oral plate are formed; but never ha.s a 
mouth fornjed in any of the cases observe<l thus far. The 
newly formed head was therefore of no use whatsoever to the 
antmaL If we look more closely at such a head (Fig. 24,6), 
the ectxKlerm is sec^n to |)ase over into an oral plate at /^ 
wliidi is covered with two rows of tentacles. An oj>ening no 
lotigor exists in the ectoderm. 

We saw, moreover, tliat cjuadrangiilar pieces cat from the 

tHsU of a Cerianthus fanned tentacles upon one side only. 

A iecond circumstance to be considered is the fact that the 

ehmtie iettsion of the itiner layer of the wall is greater than 

%hmt of the extemaL In couseijuence of this, the three 

I yMMttiiwg pot edges, n|K>n which my tentacles are formed» 
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roll inward, so that only the ectoderm is visible externally 
(Fig. 35). Because of these mechanical conditions the part 
assumes after some time — especially when the new tentacles 
begin to grow — an appearance which reminds one in some 
ways of a normal Cerianthus. Of course, many pieces remain 
permanently monstrosities. So far as the experi- 
ments performed hitherto are concerned, a mouth 
has never been formed in these pieces. This is a 
remarkable fact, and seems to indicate that the 
animals have a source of food-supply which 
differs from that of the uninjured animal, for they remain 
alive, and do not diminish markedly in bulk even in the 
course of months. 

2. These mouthless beads when brought in contact with 

food reacted exactly as normal heads. The reader is prob- , 

ably acquainted from personal observation with the behavior '^^^ 
of an Actinian when a piece of meat is laid upon the tip oi^,^^ 
one of its tentacles. The tentacle becomes concave towarc^^ki^i 
the piece of meat, winds itself about the meat — as a viB^^e 
about a support — and finally bends so that the piece of me«^Bt 
reaches the middle of the oral plate, where the mouth is 

situated in normal animals. In Cerianthus the inner t^^3«i- 
tacles then fold over the meat ; some or all of the exterx^»- al 
tentacles then follow in a similar way, and it looks as thora^^?^ 
the tentacles were pressing the meat into the mouth. 17^^® 
meat reaches the stomach, and the tentacles then unfo^ "• 
But this reaction is certain to occur only when the s«^*- *^ 
stance laid upon the tentacles has certain chemical ^-^^^ 
mechanical characteristics. If a grain of sand is laid uf>^--^° 
the tentacles instead of the meat, the tentacles do not b^^^^ 
in as described. 

If a piece of meat is carefully laid upon the tip of tÄ^o 
external tentacles of a newUj formed head, which has ^^^ 
orixl opening, they also seize it in the maimer just describö^-*» 
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they cany it to tbe middle of the newly formed oral plate, 
and tbe inner tentacles cover the meat and preas it against 
the oral platt*; the outer tentacles then also cover the meat, 
and thö atiioial stroggles several minutes in vain to press the 
meat ixsto a month which does not exist. The external ten- 
tacles are then withdrawn from the center of the oral plate 
and expanded, and the same \b done with the internal tea- 
tables. The piece of meat a^ain reaches the edges of the 
tentacles (probably through ciliary motion) and drops off. 

The exjjeriment can be repeated with the tsame result any 
anmber of times u|x>n the newly formed heads which ha%'e 
BO oral opening; they always react when a piece of meat is 
laid ti{w>n the tentacles. No trace of memory is present, 

lii onler to have the new head react with certainty, it is 
nac eopa ry that the substance laid u[>on the tentacles have the 
iima characteristics as that necessary to call forth the 
reaction in the i)ld head, Pieces of meat are always carried 
lo the center of the oral plate by the tentacles of the new 
head^ but this does not occur when kernels of sand are used. 
If the head of a Cerianthns is amputated, the animal does 
out again take up ftxid until the new mouth has been formed 
und the tentacles have attained a certain size. We shall sea 
rbat other Actinia behave differently in this resjiect, 

H, T\w fmitlej^ attempts of the mouth less heads to take 
up fmxl is i»i>mewhat comical in the light of an optimistic 
Eek^olcigy. The physiologist, however, takes it for granted 
thiit the tentacles of the mouihlrtis head mni^t react in a 
litniliU' way to chemical and uiechanital stimuli as the ten* 
:aeles pro%'ided with a months l>ecau&ü they have the same 
fXtmraml form, and possibly also the same stnicttire. That 

Ltn<Mit is finally brought to the mouth thn>iigh the«a 
inn» (Wuilings)^ and that when the meat has reached the 
scHith the liendings again are reversed, does, of course, not 
nfluencc« the immediate effect of th© contact between ten- 
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tacles and meat ; just as a moth must react to a flame with 
progressive heliotropic movements, even though it after- 
ward derives no actual benefit, but actual harm, from this 
sort of reaction. 

4. Cerianthus remains permanently in one place if its body 
is in contact with solid bodies and if it is properly fed. If 
the feeding is interrupted, it occasionally leaves its tubes in 
the sand to burrow anew after some time in some other part 
of the sand. If, however, the head of the Cerianthus is 
amputated, this otherwise sessile animal becomes a complete 
nomad. It burrows, remains for a few hours in its tube, 
crawls out again, buries itself anew in some other place in 
the sand, only to leave its new home after a short time, etc. 
When the tentacles have again grown, the animal becomes 
more sessile again. 

XIII. THE IMPOBTANCE OP TUBOOB FOB THE GBOWTH OP 
THE TENTACLES IN CEBIANTHU8 

, 1. Although the analysis of the mechanical conditions 
which influence the growth of plants has made great strides, a 
physiology of animal growth does not exist even by name in 
the modern text-books of animal physiology. It may there- 
fore be permissible to describe here a very simple experi- 
ment which shows that one of the fundamental conditions 
necessary for the growth of vegetable tissues — turgor — 
must be fulfilled in animal tissues also in order that growth 
may occur. 

It may be known to the reader that the growth of plants 
decreases or entirely stops when they wilt, but that it in- 
creases when a plentiful supply of water is at hand. It is 
believed that the cell contents of the growing part of a 
plant take up water energetically from their surroundings 
(due to the salts of the organic acids contained in them). 
In consequence of this absorption of water, the cell- walls 
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are stretcheiL This stretching of the cell membrane permifa 
the d€jK>9ition of new material in tho cell^^owth, Wlirn 
the hytlrustatic pressure in the celb of an organ atlainß a 
height in whit-h the cell membrane is tensely stretched, the 
oigan ii; enitt to be turgescent 

In the course of tbt^ exiH^rimetits detailed in the prer**«!- 
ing chapter I accidentally discovered a means by which the 
turgor of a part of the tentacles of a Ce riant has can be 
dimiiiished^while in the others it remaina unaltered- I need 
this method to determine whether a diminution in the turgor 
wotild decrense or stop the growth in animal organs. If a 
tnm^efee Incisinn is made into the body of a Cerianthus 
Bach as is necessary to cause the growth of a s*.*cond head, 
the incision has a striking eifect npon the lichavior of tlie 
tantacles* If one watches such an animal when it« tentacles 
are stretched out, it is eeen that those tentacles which ar^ 
situated above the incision are distinctly, often as much aa 
one-half, thinner and shorter than the remaining tentacles. 
This differencö is shown distinctly in Fig. 29 which repre- 
ftpntB the ßame animal as Fig, 2H, only viewed from another 
side. This difference in the turgor of the tentacles is per- 
manent when the incision is made near the oral ]*late, and 
whi'n the edge» of the wound are not allowed to heal to- 
gether. As soon as the wound heals, the turgor of the 
Icmtiicles is re-entablished If the irritability of such wilteil 
tentacles m cotojmred to the irritability of the turgescent 
tentacles of the same aniuiaK it is found that the irritability 
in tiot markedly changed fltirhuf the ßrst frw tlatfn afier 
the incimon. 

If a piece of meat be carefnlly laid ujion the tip of such 
a Tnlti*<l tentacle, it i^ carried to the month in tlit^ same w*ny 
10 t>y an erect tentacle. Only it seemed to me that the 
movocDont of the wilted tentacle was slower and more awk- 
wd iimn that of the turgeacent tentacle. 
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The explanation is sometimes given that the tentacles of 
Actinia are stretched by a contraction of the muscles of the 
body-wall which forces water out of the body-cavity into the 
hollow tentacles. The turgor of the tentacles of Cerianthus 
cannot well be brought about in this way ; for, if this were 
the case, the turgor of all the tentacles would have to be 
decreased when the body-cavity is opened ; but only the 
turgor of the tentacles above the incision is diminished, 
while it remains the same in the others. 

2. I amputated the heads of a large number of Ceri- 
anthi. After some time — which was, within certain limits, 
shorter as the temperature of the water was higher — new 
tentacles were formed at the cut edge. I waited until the 
newly sprouted tentacles had reached a length of 5- 10 mm. 
when stretched out. I then made a partial transverse inci- 
sion into the body and prevented the wound from healing 
together. The tentacles above the incision lost some of their 
turgor, and ceased to grow from that time on. The re- 
maining tentacles, however, continued to grow and after 
several weeks reached a length of 30mm. or more when 
stretched out. 

As I had to bring my experiments to a close, I could not 
determine whether the wilted tentacles could again be made 
to grow by restoring their turgor. I hope to be able to 
make this and further experiments on growth at another 
time. 

The fundamental condition for growth in plants is there- 
fore also found in animals. 

XIV. ox THE EXTERNAL CONDITIONS WHICH DETERMINE THE 
FORMATION OF TUBES IN CERIANTHUS MEMBRANACEUS 

If a Cerianthus is laid upon the sand, and a sufficient 
time is allowed the animal to burrow, it is noticed after 
several days that the hole in which it lies is covered with a 
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!?m(Kjth coating. If the Ceriaothus is pullnl out of the mnd^ 
it 19 found to be incased in soft inlye which m smo^Ah. 
internally and covered on the outsido with fine graiuf? of 
Band. The animal can be drawn out of the tul>e without 
injtiiy. It eeenis very human that the animal should arrangB 
itaelf coDifurtal»ly in the Band and protect it^sflf against 
unwelcome vit^ilors by bui kling a tube abtjut itself. Thia 
formation of tulx^s by Cerianthus api>ears to belong to those 
citses to which t\w old phrases of ** instinct"' and ^'artistic 
impulse of animals'' might be applieih It may |ierhajis be 
of interest t(> some of the readers to become accjuainted with 
the following simple experiments which show uikju what 
foundation nnthro|Kjmürphic conceptions of life-phenomeum 

(^ occAßionally bas€?d. 
1, IE a Cerianthus is carefully drawn out of its tube and 
|d upon a very thin layer of saji<l in which it cannot burrow, 
Hi^rretion is soon formeil at the surface of those portions of 
tho body which rub against the sand. The surrounding 
^krticles of »and stick to this secretion. The continued 
ntovement of the animal, and the propagation of stimuli from 
thos^^ fmrts uf ihe animal which are rubbed in th^ sand to 
neighboring f>art^ of its surface, cause the secretion to be 
{iQUred out over the entire snrface of the iKxly of the animah 
Th» tube is then completed. It is at first very thin, but 
beeomes thicker in the cuurso of time, as mort> secretion id 
paosvd out in consequence of the continued friction, 
Ae<*ording to these ol>servations, therefore, the entire process 
of "tube-building"' is nothing but a prfxess of secretion, tht* 
«Itmulus for which is found in the friction of the surface of 
tk» body agabist soliib. This is confirmed by the following 
mnieuts. 

2. The tlnckness of the tube is dependent npoo the 

of friction. If one CerianthuB is laid upon aand, 

^rllilt another is introduced into a carefully cleaned test* 
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tube, the former constructs a firm tube of mucus in the 
course of a few hours, while the latter which is kept in a 
test-tube, and the skin of which encounters but little friction 
from the smooth glass, forms a scarcely perceptible veil in 
the course of twenty-four hours. The greater amount of 
friction brings about a greater secretion and a more exten- 
sive tube-building. 

3. I fastened a Cerianthus to the underside of a cork 
floating at the surface of the aquarium. The Cerianthus 
was fastened to the cork by passing a pin through its body. 
The head and foot of the animal hung down loosely upon 
either side of the pin. I waited four weeks, but no mem- 
brane was formed upon the parts which did not come in con- 
tact with solid bodies. But a secretion occurred at those 
places where the Cerianthus rubbed against the cork or the 
head of the pin. The mass of mucus secreted at these points 
attained the thickness of a finger in four weeks. 

The wound occasioned by the pin was not the cause of 
this secretion, but only the friction, for I observed the same 
phenomena in uninjured Cerianthi which remained for some 
time in the meshes of a wire screen. Only in the latter case 
it is very difficult to keep a Cerianthus very long in this 
position without movement. 

The formation of a tube by Cerianthus oflFers therefore 
the same evidence of "artistic impulse" as the secretion of 
saliva during mastication. 

XV. EXPERIMENTS ON ORGANIZATION AND IRRITABILITY IN 
SOME OTHER ACTINIA 

1. I have made ex[)eriments similar to those upon Ceri- 
anthus on the determination of the eituation of the new head 
in a number of other Actinians — Actinia equina of the Bay 
of Nai)les and the East Sea, Actinia cari, Adamsia Rondel- 
letti, Anenionia sulcata, Cereactis aurantiaca, etc. 
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I always found that new tentacles were formed only upon 
the oral vil^e ot the pieL-e cut from the animal^ while a new 
fiKit was foriued only at the aljnral etuL Even thuiigh I 
have not thus far been able to cause a head to develop at the 
aboral end in Actinia as in Tubularia, Btill I consider it 
prulmble that this also will suceetHl because of a note I found 
in CoBtarini's Traft a fo delle Atfini*%^ according to which 
Diquemiire/ who worked on regeneration in Actinia, once 
noticed sach a ht»teroiiiorphos!s, A piece cut transversely 
tvinn an Actinian "* riprodurre in vece <ii un piede degli altri 
tentacoli e un altra bocca^ cosi man^iara da due (mrti nello 
eteeeo lemjKJ*"* 

2, In thefte experiments the Actinia equina of the East 
1* Imhaved in somt* respt^ets diffen^ntly from Cerianthns. 
WTien 1 cut transverse pieces from Actinia equina, they 
formed teidm'h'^ ottJi/^ and these without exce|ition at tlie 
oral [lole; I nevrr miw a new foot formed upfin transverse 
pk*ct»s of this anlmaL The wound only healed at the aboral 
fiole; no regeneration whntever occurred here, and the body- 
cavity of euch an animal communicated with the outer world 
at both [>oles. Most remarkable, however, was the fact that 
l>oth (lolea t<x>k up food, tlie aljoral mouth toeing even more 
voracious than the tiorninl month at the oral end, Bubstaucea 
wuH» swnlhmcd by the aboral mouth which the ornl mouth 
Hfl a rale does not take U[l If a j*aper wad soaked in sea 
water is lai<l iJ\Hm the normal oiouth of an Actinia equina 
of th© East Hea, it m not swallowed ; while a jiiece of crab 
meati which by tmt tongue cannot be distinguished from the 
tanti^ of the pa{ier wad, is immediately taken up by the 
antmnL I tied a paj>er wad to one end of a stout thread 

t S. t\inThttl%U TruitaftifWHc AUtmr fVt'i*f*ziii, IM*), 

iTcfy '»-^'J«!» I*ffif4»*^*f Tiiri-*>y, uf iho UniTer-iity of California, bai otwi^rTed 
Ml AH i I Uli LI. E^ikJ«) 

! MLiiJi of vliti Kii^i H««(t b tufl idautkfü m iU pbyRiuluifkal birbuvkit 
«Ilk %!tm AeUnt« wivio« of Uip Buy ol Km|}l«ii. 
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and a piece of meat to the other, and then threw the whole 
upon the outstretched tentacles of a hungry animal. The 
tentacles which came in contact with the meat reacted at once 
by bending by which the meat was carried to the mouth ; the 
tentacles in contact with the paper did not react. I removed 
the thread and reversed the position of the meat and paper 
upon the oral plate, so that the tentacles which had before 
been touched by the paper were now in contact with the 
meat. The tentacles touched by the meat carried it to the 
mouth, while the tentacles touched by the paper let it fall. 
The meat was then crowded into the mouth, and the thread 
was pulled in after it; but the paper and a piece of the 
thread remained outside of the oral opening. No change 
occurred within the next twenty-four hours. After this 
period the thread was ejected, but without the meat. The 
latter had probably been digested. I have often repeated 
this experiment with the same result ; only occasionally the 
thread was ejected earlier, and then a piece or all of the 
undigested meat was still attached to the thread. 

I divided an A. equina into two pieces by a transverse 
incision. The oral piece — which I shall call the head piece 
— had the old normal mouth at its oral end; the body-cavity 
was open also at the aboral end of the head piece, and food 
was taken up here likewise, even though no tentacles were 
present. The old oral mouth of the head piece showed the 
same choice in the taking up of food after the division of the 
animal as before. But the aboral mouth of the head piece 
at times took up paper wads and swallowed them. Yet I 
saw it refuse paper wads while at the same time it eagerly 
took up pieces of crab meat. 

While the old mouth at times refused meat, the aboral 
mouth was nearly always ready to take up food, 

3. The following means, however, served to decrease the 
irritability of the mouth toward chemical and mechanical 
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sttmiili. Wben I stood the head piece upon ite oral mouth 
for but one hour, so that the mouth wss in contact with the 

I>ttom of the vmsel, the animal would tat^ np no food for 
long timt* (often as long as twenty -four hours) when again 
tmed over. By Bimilar means I could bring about the 
me effect at the new aboral mouth. But it was neceeaary 
^to kt*ep the animal with its aboral mouth downward a much 
^^kiger iime — half a day jierbape^ — and then the effect lasted 
^mily an hour. In this experiment it cannot be that every abnor- 
mal stimulus simply inhiliits the irritability of the mouth. 
, For a series of artificial mouths made by transverse incislous 
^■jto an animal nte ment iiei^pite the wounds, immefhaleh/ 
flpTrr the (I ins ion of th(^ animfit The (transitory > loes of 
the 8pe<?ific irritability of the mouth is probably dixe to the^ 
contact stimuli which act upon the month/ 

4. I laiil pieces of Actinia which took np nonrinhment at 
^^pth ends upon the side and tried to see whether both mouths 
^lould takt* up food at the same time. I tirst held a largo 
piece of meat against the aboral mouthy which was« aa 
1, tightly c1os€h1 in consequence of the contraction of the 
[ar muscla fibers. The meat caused the mouth to o|>en 
to seize and slowly crowd it into the body-cavity. 
Before the piece of meat had been entirely swallowed I 
offftred another piece to the oral mouth. This was also taken 
I Hp ^ At the same moment the act of deglutition was inter- 
^niied at the other mouth by a firm contraction of the ring 
^Busclei« After a fi^w moments, when the meat had l>een 
* crowilod into the oral month, the musculature at the aboral 
end relaxed and the piece of meat dropped out of the mouth. 
When I fed the two months successively, that which had 
fed tirst gave up its f^xxl when the other began to take 
ita food. Perif^taltic waves seemed to pass frequently in 
directions in these animals in which the body -cavity 

1 0r llvs keJi of Mjtst^n. [tW^} 
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is opened at both ends. The meat after being swallowed 
was often ejected undigested. Actual nutrition of these 
animals was, of course, impossible. 

5. We have thus far considered only the head piece of a 
divided Actinian. The foot piece which possesses an 
uninjured foot at its aboral end, and a cut edge at its oral 
end, soon regenerates tentacles at this end and a normal 
mouth is formed. But even before the tentacles and month 
have begim to regenerate, the oral opening assumes the 
functions of a mouth. Pieces of meat are taken up and 
swallowed, while I have never seen it take up wads of paper 
or grains of sand. 

6. While the entire body of Cerianthus, with the excep- 
tion of the oral plate, is endowed with contact-irritability, 
this contact-irritability is confined to the basal surface of the 
body of Actinia equina. By means of this surface the ani- 
mal attaches itself to solid bodies. The surface of the foot 
has here the same function as the roots of Tubularia, only 
with this difference, that through (spontaneous) internal 
changes the Actinian can again leave the surface of the body 
to which it is attached, while this is not possible in Tubu- 
laria. It is interesting to note that the naiure of the sur- 
face of the solid body is not a matter of indifference in call- 
ing forth these reactions. When no other object was near, the 
animal attached itself to the glass wall of the aquarium and 
slid about upon it; when, however, I placed the shell of a 
Mytilus in the aquarium, and the animal came in contact 
with it in the course of its movements, it immediately 
attached itself to it and remained there^ it mattered not 
whether the shell was empty or occujued. 

The surface of an iilva leaf in the aquarium acted in the 
same way as the surface of the mussel. While the animal 
woukl always U'ave the plass to which it was fastened, to 
attach itself to au ulva leaf when brought in contact with it, 
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tbe reverse pbenomenoii — namely, that the animal would 
leave the ulva leaf or th« mussel sholl to attach its elf to the 
^InsB — ^oocurred but rart^ly. Thin conhict-irritobiliti/ of the 
foot does not chunge fthrn tfw twuil or the latgiT jtortion of 
ihe oral part of the mumal is amputatetL I kept the oral 
end of @tioh a piece of an ftüinml io eon taut with the Ix^ttoin 
of the aquarium, while its fcj^it ex teüded upward. A slide 

placed iu contact with the foot, to wbich the auimal 
might easily have attarbtHl itself, Imt this it did not da As 
souti, however« as ßn uLva leaf fluatin«^ in tbe aquarium en Die 
in contact with the foot, the animal attached itst:<lf to it 
immediately. 

7, The aboral pieces of transversely dividcnl Actinia 
friiieb still hfid a foot remained alive longer tlian tbe oral 
ptecea The latter nsually succumbed to a fungufi disease 
after a few we**ks. The iliseas^e began ordinarily in the ten- 
taclt^a which bad lost their turgidity after tbe operation» 
Conlariiu sih^uis tu hfive mmie n sinitlar obeervatiuu in opera- 

> cm Actinia ( Aiptasiu) diapbena. 



XVI. si MM A BT OF RESULTS 

In conclnsion I wish to summarize briefly the chief resultB 
of theae investigations* 

I, Wo saw first of all that there are certain animals in 
which it is (>oHsible to control the place where an organ ib 
farmed by extemal conditions, in such a way as to sul>stitute 
in place of a lost organ one which differs from it in form and 
function (hetertjmorjjhosis). It is thus [x^ssible to produce 
at will forms with norms I vitality, which differ from tbe 
heraditary forms pnKiuccd by nature in a definite way. In 
detail the hetjeromor piloses thus far accomplished are the 
loHiiwing: 

1. In Tnbularia mesembrysjithemum; 

a) If a piece of stem, which must not be below a certain 
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minimal size, is cut from Tubularia mesembryaDthemam, 
and both its ends are surrounded by water, a head is formed 
at both ends (Fig. 16). The head is usually formed more 
rapidly at the oral than at the aboral end. In this way it is 
possible to produce any number of bioral animals without 
interfering with their vitality. 

b) If a piece of root is carefully separated from the base 
to which it was attached, so that it is surrounded on all 
sides by water, a head is formed at its aboral end. The root 
continues to grow but forms no polyps if it is allowed to 
attach itself anew as a root, 

2. If a portion of the stem is cut from Aglaophenia and 
suspended vertically in the aquarium, it always forms a root 
at its lower end, according to observations made thus far; it 
matters not whether the apical or the basal end is directed 
downward. Either a tip or a root is formed at the end directed 
upward (toward the zenith), but a tip is formed the more 
readily when the apical end is directed upward. 

It is therefore jxDssible to create biapical and bibasal 
forms (Figs. 17 and IN) in Aglaophenia; yet the certainty 
with which bibasal animals can be created is greater than 
that with which biapical animals can be produced. 

3. If the stems of Plumularia pinnata are cut off close to 
the root and fixed in a vertical [)osition, but with the tip 
downward, a new tip instead of a new root may arise from 
the basal end, which continues to grow upward ; more fre- 
quently a root first springs from this end, from which arises 
a stem that grows upward (Fig. 20, a, />). 

4r/) If a piece is cnt from the stem of Eudendrium, and 
both ends are surrounded by water, new tips are formed at 
lx)th extremities (Fig. 21, r/, 6). Yet a variation occurs at 
times which I have not observed in the heforementicmed ani- 
mals; namely, a new tip and a new root may grow from the 
same cut end. 
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6) It was possible to cause the growth of roots in the 
Diddle of a stem by bringing this point in contact with 
lolid bodies. 

5 a) It was possible to grow tips from the basal cut end of 
i stem of Sertularia polyzonia by fixing the stems in the 
iquarium with their basal ends upward (toward the source 
>f light). New roots were usually formed at this end in 
kddition to the new tips (Fig. 22, a, 6). 

6) So far as my present experiments go, new branches 
i^re formed only on that side of the old stem or root which 
was tamed toward the light. 

6. It was possible to produce biapiced animals in Gono- 
hyrsB Lovenii. 

II. In a long series of animals, particularly Actinians, I 
lave not yet succeeded in causing a heteromorphosis of any 
Lind. In these animals the position of the regenerated 
»rgan is determined (as far as our present knowledge goes) 
)y the orientation of the fragment occupied in the uninjured 
organism, a new head is formed at the oral edge of a piece 
»f such an animal, while a new foot is regenerated at the 
iboral end. This law governs regeneration, not only in 
Ictinia, but also in Hydra, in certain starfish which I have 
tudied, in a series of worms, snails, crustaceans, and animals 
till higher in the scale. 

III. The same behavior in organization is therefore found 
D the animal kingdom as in the vegetable. As is well 
mown, it is possible to control the position of a new organ 
just as in the animals given under heading I) in certain 
)lant8, while in others (as in Actinians) regeneration is 
lependent upon conditions which are at present unknown, 
ind are apparently internal 

IV. The following are mentioned as some of the diiforent 
!orms of irritability which influence the orientation of animal 
>rgans : 
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1. Contact-irritability (stereotropism). 

a) In a series of Hydroids the root attaches itself to the 
surface of a solid body as soon as it comes in contact with it, 
and continues to grow over its surface, adhering to it as 
closely as possible. 

The stems of these Hydroids do not possess this irrita- 
bility. In Tubularia, in which the polyps are large enough 
to permit one to experiment upon them, it can be shown that 
they possess the opposite kind of contact-irritability. When 
brought in contact with the surface of solid bodies they benc^ 
away from it. By taking advantage of this irritability oC^ 
the polyps, it is possible to bring about permanent (stereo—— 
tropic) curvature in the Tubularian stem. 

b) Only the tip of a root which is growing attaches itself -^^ 
to the surface of a solid body. 

c) In order that the root may attach itself it is necessar y^ ^ 
that the contact stimulus should act for some time. 

d) It has already been mentioned that contact-irritabilitji^ ^? 
can cause the growth of roots in the middle of a stem — foÄ:^==^^^ 
example, in Eudendrium. 

e) When in a number of Hydroids stems arise from th^ .^rmn^ 
roots which have become attached to a solid body, these nevi^i^ -fue^ 
stems originate on that side of the roots which lies diametri— i "^^^^^ 
cally opposite the solid body. 

2. Heliotropism. 

a) In Sertularia (polyzonias?) the branches are positively^ "^ * v' 
the roots negatively, heliotropic. Only the growing partet^'^'^ 
show any heliotropic curvatures. 

3. Geotropism (?). 

a) When ]x)ssible, Cerianthus membranaceus alwayr^5^-*J^ 
assumes a ix>sition in which its long axis is vertical, its oraF^ ^rwal 
pole upward, and its aboral pole downward. If the anim«? .^^ml 
is placed in a different position, the foot tries to gain its n o ^ r tr- 
mal orientation by bending vertically downward. 
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6) The main root and th« adventitious roots of Aglao- 
benia« wh*?ii they do not cotnt* in contact with tlie surfat-e of 
olid bodies» bend downward find continue to grow in this 
ir^ction; wbile the stemB l>eii(l upward, grow toward the 
^tb, and arise from the npper surface of a horizontally 
root 
The following phenomena are of importance in the 
^iieral physiology of animal growth : 

1. For the growth of the tentacles of Cerianthus, as for 
be growth of plant tissues, it is absolutoly necessary that 
ba bydrostatie pressure in the cells of the organ exceeds a 
yn amount (that the organ is turgeec*»nt). 

Phe growth of the n>c»ts of Aglaophenia, Sertnlaria, 
ber Hydrozoa ix-curs only in a small region near the 
ip of the Foota as is the case in the analogous plant tissnes. 
H. When the roots of Aglaophenia, GonothjTtea, Plumo- 
iria. anil 8i*rtularia become attached to solid bodies, they 
wow in length much mure rapidly, and their absolute growth 
^ptich greater than when they are sarrou-nded on all sides 
y wilier. This has already been demonstrated by Dalyell 
I other Hydrozoa. 

VI. Of the sj)ecial results the following only may be 
lentiontnl: If a transverse incision is made into the body- 
all of Cerianthus near the oral plate, only those tentacles 
ilosted above the cut lose their turgidity, while the rt^nain- 
m Uminc\e& retain theirs. The turgidity can therefore not 
B'pend u[Kin a contraction of the body*wall which forces 
l»r into the tentacles. 




V 

GEOTROPISM IN ANIMALS' 

I. GEOTBOPIO CÜBVATÜBES IN ANIMALS 

As A continuation of observations which I have already 
published' I wish to give in the following pages some 
further facts which show that certain animals are compelled 
to orient their bodies in a definite way toward the center of 
the earth, as are certain plants. 

In order to show more clearly the similarity between the 
behavior of animals and that of plants in this respect, T 
quote the following passage from Sachs on geotropism in 
the plant kingdom: 

Whenever portions of a plant are moved by any cause whatso- 
ever from their habitual position into a different position with refer- 
ence to the horizontal, they l)end until they again assume the same 
relation with the horizon which they had originally. This bending, 
which is brought alx)ut through the mere change in position, is the, 
effect of a geotropic stimulus, the consequence of some property 
of the organs which does not give them any rest until they are 
again at their proper angle with the direction of the force of gravi- 
tation.' 

These geotropic bendings of plants, as Sachs adds, "are 
brought about exclusively through growth, and only those 
organs which are still capable of growth can therefore regain 
their normal position with reference to the horizontal." 

I have pointed nut in an earlit^r paper that the roots of 
Aglaophenia plunia, a Hydroid, have tht» tendency to grow 
downward. Curvatures at the same time take {)lace in this 
animal which are deteruiined by internal causes, and which 

I Pßütjcrn Archiv, Vnl. \LI\ ilJy.U», p. 17."). 

'SttzuH(j«f>cr. (icr Würzhurtjt r /fhyfiik.nitd. Ctaclfsrhti/t, \S\^, and Part I, pp. 1 
and hy. 

i.I. Sa(Hs, l'oih'>un>K'n iit'cr I'ßauzcnl'hysioftHjn \ '2i\ vd. i L^'ipziR, 1887), p. 717. 
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itupUcate the phenomena of geotropisni. Recently, how- 

Cr, I hiive discovered geotropic bendingB in the growhig 
tioriB of a different Hydroid (Anten aularia antennioa) 
hieh are not masked by any secondary phenomena. 
^Anteomilaria antennina coneiBts of a main ßtem about 
HtL in diami^ter, and often 2(k*ni, long, which nsually 
Bfes perfectly jjerpendicularly from a felt^liko mass of very 
ne roi>tletö. From the main stem spring in regular order 
!iy delicate, shurt, iiii branching lateral twigs, njMm the 
pper surface uf which are found polyps and nomatophores- 
: gnch a stem ia [»lac{?d in any position deviating from the 
•rtleal, the tip of tlio stem, if it grows at all, Isends shaqily 
irk toward th*^ vertical and eontiniiee to grow vertically 
*wani. Only the newly growing jiortion of the tip is able 
tie to change its orientation. If the orientation of the 
linial in not again altered, the wicm grows absolutely ver- 
sally upward; it is negatively geotropic. The roots» ujwn 
\p other hand, grow vertically downward ; they are [^Kjsitively 

Iropic; yet the direction of their downward growth is not 
*rfectly straight as that uf the upward-gmwing stem* 

jftcij as the orientation uf the stem with reference to the 

ical is changed, if any new growth whatsoever occurs, 
i sieoi l*i^nds towartl the vertical and grows upward in this 

[^tion* 

Jut not only the orientation of the organs, but also the 
wher© new organs originate, is dejiendent to a large 
lc*iit n(K>n gravitatiMtK But I will s[>eak of these faets at 
fihvr place, aad publish therewith the pictures naoesearj 

liiAtrate them. 

riiei^ curvatures duriug growth are independent of the 
They otx*ur equally well whetht*r the stems are grown 

II« dark or the light room; when cultivak^ in the light, 

ir «5 I have been able to see, their orientation is not 

elt?*l in the least by the direction of the rays of light* 




178 Studies in Genebal Physiology 

Other conditions than light and gravity which might have 
influenced the perfectly vertical growth of the stem, or its 
geotropic bendings, when its position with reference to the 
vertical was altered, were shut out in these experiments. I 
was not able to make any experiments upon the centrifugal 
machine, as it takes some twenty-four hours to bring about 
the geotropic bendings, and because I could avail myself of 
no motive power which ran uninterruptedly for so long a 
time. There can be no doubt, however, that we are dealing 
in this case with a geotropic phenomenon. 

There are, on the other hand, animals which are capable 
of geotropic curvatures through muscular contractions with- 
out any accompanying phenomena of growth. We find such 
conditions in an Actinian, Cerianthus membranaceus. This 
animal has the habit of burying itself vertically in the sand. 
If the animal is brought into any other orientation toward 
the vertical, it bends its body downward, beginning with the 
foot, until the entire animal has again a vertical position.* 

II. GEOTBOPISM in FBEE-SWIMMING ANIMALS AND ITS 
SIGNIFICANCE FOB THE BATHOMETBIC DISTBIBUTION OP 
CEBTAIN PELAGIC ANIMALS 

1 . Since the geotropic effects in the vegetable kingdom have 
been studied, in tlie main, only upon sessile organs, and are 
known in these only in the form of curvatures during growth, 
objection might jxrhaps bo taken to the fact that I intend to 
si)eak of geotropism in free-swiuiuiing animals. But the 
term '* geotropism'' :ngniHes only a dein^ndence of the orien- 
tation upm gravitation, without saying anything concerning 
the merhanism of this dopondence. It would therefore Ije 
mere j)edantry if we should declare that such dejHjndence 
could l)e designated geotropism only in sessile and not in 
motile animals. I will lose no time in arguing this question, 

1 Parti, p. irvV 
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id rather quote the words with which J. Sachs describes 
e geotropism of motile plants: 

I have already called attention to the remarkable way in which 
asmodia crawl up the stems of plants, flower-pots, and other 
QQparatively high objects. They can be induced to do this most 
idily when moist glass plates are fixed vertically into tan bark 
itaining young Plasmodia which are just ready to creep to the 
rface. In the course of a few hours the mesh-like bodies crawl 
the highest points of the glass plate, which can now be removed 
d observed directly under the microscope in order to watch their 
»vements more accurately. It can scarcely be doubted that this 
pulse to crawl upward is to be considered the effect of a 
>tropic stimulus; that is to say, that an as yet unknown effect of 
ivitation upon the molecular structiure of the protoplasm influences 
» movements of the molecules in such a way that the effect which 
have described is finally brought about. It is scarcely necessary 
etdd that the individual mechanical factors which play a role in 
s process are entirely unknown.* 

Others dispute the idea that the Plasmodia are geotropic. 
ey claim that these phenomena are the expression of a 
^otropism and hydrotropism. 

I showed in one of my earlier papers that certain insects 
lave in a way analogous to the movements of Plasmodia. 

the case of insects these movements are certainly not 
pendent upon rheotropism and hydrotropism. If certain 
ects, such as CoccinellsB for instance, are introduced into 
rloeed wooden box (and are in addition kept in a dark 
»m in order to shut out every effect of light), they have a 
dency to creep up the vertical walls of the box and to 
lect in the highest regions. The behavior of these 
xnals toward gravitation corresponds with that which 
*h9 has described for Plasmodia. 

A similar phenomenon is noticed in marine animals. In 
8 connection it contributes toward the understanding of 
thometric distribution of these animals. The reader is 

ij. Sachs, op. cit,^ p. 639. 
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undoubtedly familiar with the fact that many marine animals 
are found only at certain depths in the ocean. Thus far it 
has not been determined what conditions compel these 
animals to behave in this way, Groom and I together have 
shown how the heliotropism of certain pelagic animals must 
lead to periodic depth -migrations.* I can show by several 
examples that gravitation is also of importance in the distri- 
bution of pelagic animals at various depths, and that it is 
this force which compels certain animals to live in the sur- 
face regions of the water. 

Everyone who will watch the animals found about the 
rocks or piles near the surface of the ocean during a quiet 
sea will notice the relatively large proportions of Echino- 
derms. Some of these Echinoderms — such, for example, as 
Cucumaria cucumis which is found in great numbers in the 
Bay of Naples — live near the surface of the water, or not more 
than 80 m. below it. It can be readily shown, however, that 
Cucumaria cucumis is, like the Plasmodia or the Coccinellflö, 
comiK^lled to crawl upward on vertical surfaces, and that 
apparently gravitation determines this behavior. Cucumaria 
cucumis has an elongated i)entagonal Ixxly some 10 or more 
cm. long, carrying at its oral iK)le radially arranged arbores- 
cent tentacles. U[)on each of the tive edges are found 
two parallel rows of tiny feet by which the animal is 
enabled to crawl upward, even uix)n smooth glass plates. If 
these animals an» introduced into an acjuarium, they creep 
al)out the Ixjttom until they reach a vertical wall, up which 
thev climb to remain at its highest {xiint, and when jwssible 
immediately under the surface of the water. The animal 
remains peruianently in tliis |>osition and l)ehaves like a 
sessile animal. 

If such a Cucumaria cucumis is permitted to attach itself 
to a vertical t^lass wall which can he turntnl about a hori- 

• (iK(N)M iM) I^oiiH, IhoUniiinhfJi ( vntndblatt, \ol. X tlHW). 
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FIG. 36 



tal axis in the aquarium, the animal endeavors uuceas- 
ly to creep upward as often as the plate is turned through 
angle of 90°. We are not dealing in this ease with a 
ipensatory motion brought about by centrifugal force; 
lie the plate is being turned the animal remains quiet, 
I not until some fifteen or 
»nty minutes later does it 
^n to move upward. 
Nor do we deal in this case ß 
h the effect of daylight 
ering the aquarium from 
ve. If the animals are kept 
m aquarium into which light is allowed to enter by suit- 
3 means only from below and without, the animals con- 
le to creep up the vertical surfaces, the direction in which 
f move not being influenced in any way by the light. 
One might think that the need of oxygen determines the 
rements of Cucumaria toward the surface of the water, 
it can bi' shown that tliis also is not the ca^e. If a large 
ker, from which the air has been removed by filling it 

I water, is placed in an aquarium upside down — that is 
ay, with the bottom of the beaker directed upward — the 
;xiinariie nevertheless continue to creep up to the bottom of 
beaker. They do this even when the experiment is made 
hown in Fig. 36. A bridge BB is suspended in the aqua- 
a A A so that its horizontal part BiBi is below the sur- 
► of the water n in the aquarium. In the bridge is a 

II circular hole o, over which the inverted beaker a/>rr/, 
irhich the air has l)een displaced by water, is placed. 
sh water is supplied through o under slight pn^ssure 
means of a suitably curved glass tube g. The CMcu- 
iod nevertheless leave the neighborhotxl o, collecting 
er on the Inittom of the beaker cd or upon its vertical 
« near cd. 



\ 
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Yet the hydrostatic pressure does not compel the animals — 
to move upward to the surface of the water, for when the -^ 
animals are put into a flat dish containing only 1-2 cm. of "^t 
water, so that the animals are just under the surface of the ^^ 
water, they also move to the vertical wall of the vessel and . 
attach themselves to it, even though they are no nearer the* 
surface of the water in this position than anywhere else inj 

the aquarium. The nature of the conditions of the experi i- 

ment shuts out the possibility of rheotropism and hydrot -:*- 

ropism. 

Experiments with the centrifugal machine yielded nocz^-^o 
results, as the animals do not move at all during the rotatioiMZK^^i^ 
of the machine. The one condition which compels the^^ -^^ 
animals to seek vertical surfaces and crawl upward is gravi — i i- 
tation. I imagine that the way in which gravity compels J ^1® 
the animals to move upward is similar to that which compelfi^X^ ^1® 
insects, such as the butterflies which have just left their pupa^p-^^?* 
case, to crawl upward. Immediately after hatching, th^-^Jiö 
wings of the butterfly are not yet unfolded, and the animaT-^^^Äl 
runs about in a restless way until it reaches a vertical sur--^:-«^- 
face upon which it creeps and remains, with its head directecz^ ^^^ -^ 
upward, for a relatively long time, until the unfolding of th^-^J-^^® 
wings or other conditions cause the animal to become rest :^^^3f^t- 
less again. In cockroaches this dependence of rest ano mtm nd 
unrest ui)ou gravitation is still more apparent. They remaiÄi-i -^3Ui 
perfectly quiet only when the weight of their bodies exertu^^^^ts 
a pull ui)on their legs, but not when the weight of their bodie-^^i^-*^^^ 
presses ui)on their legs. Cucumaria cucumis seems to behav»^^^" -•^ö 
in a similar way. The direction of the pull, however, infli«:-^ -'"' 
enees in addition the direction of the progressive movement:^ Mr:nt3 
u[)ward. Yet it is possible that these reactions in Cucumari^t-Ä ^w? 
and insects are dept^ndent ui)on s[)ecific organs, as in the ca^^^-^*^ 
of vertebrates. 

This relation of Cucumariie to gravitation compels tt^CAe 
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animab to live in the tipper regions of the sea. If a larra 

wen* ilrivi^n into deep water, it wonid be coin|>elled to crawl 

Qpwartl without ceai^ing, through its negative geotropism, 

^ OP til it bad reached the surface again, or until death brought 

^K end to these efforts. 

^™ 2. Othi*r marine animals, which we also know to live only 
I in ihi* upper regions of the sea liehave as does Cucumaria 
cucumia Actinia mesembryanthemuin of the Bay of Naples 
beloug» to this class. If I rememU^r correctly, however, I 
have never observetl this Ix^havior in the Actiuian of the East 
Sea, which has the same name, but differs somewhat in its 
aetoristics, from that found iu the Bay of Naples* But 
fain starfish, such as Asteriua gibbosa, are alstj negatively 
geotnjjiie. All the ex|H*rimenL8 which 1 have made on Cucu- 
maria are snccessful also in Asteriua gihlK>sa, with this 
difference, however» that when the exceedingly voracious 
A«terina has reached the highest point on a vertical surface 
I au d ßnd^ no iionrishment thert», it does not remain in this 
^kttiou i*ernianently, as does Cucumaria, but begins to move 
^ir dn>|* down after two days or even less time. Asterina 
I gibljiie« «Is«* lives only at the surface of the sea. 
I Pcjsitive heliotroptsm acts» of course, in a way similar to 
Hegativc geotrt^pism. Asterina tenuispiun lives near the sur- 
^fcce of the sea, as dot'S Asterina gibbosa. It bi. however* not 
lipotropic, but {MJöitively beliotropic* I laid a large number of 
Uit* two species together in a heap in an aquarium intu which 
lighi fell almost horiÄimtally from one side only. Within a 
rt time the two kinds of animals were clearly sc|Miratt*cI ; 
tcnuispinm crawled along the bottom toward the source 
; thegibbosieilistributed Ihcmselves in all türt^ctiuns 
r the bfvttuni and crawled upward U|ion the vertical walls 
»out the dirtH:tiuu of their ntoveuR^nts Udng iutlui*iKed 
li^ht In the «xean, in which only those rays of light 
enter vertically are of im[Jortance for the gjmlial 
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orientation of the animals, positive heliotropism must compel 
Asterina tenuispina to move to the surface of the water in 
the same way as negative geotropism does Asterina gibbosa. 
Since Asterina tenuispina is always positively heliotropic 
(and does not alter its heliotropic sense as do the nauplii of 
Balanus), periodic depth -migrations do not occur in it as 
they do in the nauplii of Balanus because of the change in 
the heliotropic sense of the latter. 

3. Prey er briefly mentions in his exhaustive work on the 
movements of starfish "the tendency of these animals to 
crawl upward" which he noticed in his observations on the 
climbing movements of starfish. Preyer writes as follows: 

The great tendency of starfish to move upward cannot 
dependent upon lack of oxygen, lack of food, or changes in the 
temperature, or currents in the water, nor to a desire for light, for 
the upward movements occur also where these conditions are not 
at work. Some property of the bottom, or of that particular spot 
on the bottom upon which the animal rests, and which has become 
unfit for the attachment of the animal or its prolonged residence, 
probably compels the animal to climb upward. Yet parasites 
which I often found in the ambulacral feet of Luidia may also 
cause them to move upward, in so far as these stimuli may appear 
to the animal as originating from the horizontal bottom.^ 

The first sentence in this generalization is incorrect, as 
light is indeed the factor which compels Asterina tenuispina 
to crawl upward. It is shown by the following experiment 
that the nature of the bottom upon which the animal rests 
does not compel it to move upward. If Asterina gibbosa is 
placed in a cubical box having glass sides, the animals leave 
the horizontal basal wall and climb up the vertical sides. If 
the lx)x is turned through an angle of 90° about a horizontal 
axis, tlie animal leaves the wall, which has now become basal, 
and climbs up to, and remains ui)on, the wall which it left 
before when it lay horizontally. The character of the wall was 




p. 96. 



1 W. Preter, Mittheilungen aus der zoologischen SicUion tu Neapel^ Vol. VII, . 
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iheiK^fore nut the rause of the movemeTit of the eUrfish, 
Kiinllv, wh**n Prey er believes tlmt. parasites cami*el the 
BBitiifiis to move u[tward^ it is im[>ossil>le to see wliy the 
imrsfiiteft do not com[>el the animals which are fastened upon 
Ihe vertical wall to leave it, be the Btimuli caused hy the 
|>nrfiBites must now seem to the animalß to originate from the 
VerticÄl walL Yet in reality AHterina gihbusa (and much 
inOTe Cucumaria cucumis) remains upon the highest point 
of ih** vertical wall. I believe it much more ratianal to take 
iuio consideration the effect of gravitation, which acts in a 
rertiral direction, in e^c plaining the upward movements of 
DerlAm starfish. 



I 



III, THE GE0TB0PI8M OF HIGHEB ANIMALS AKD ITS 
DEFE?rDENCE UPON THE INNEB EAE 



Tlie higher animals are also eonipelled, within e*^rtain 
lioiitd, to assume a definite orientation toward the center of 
tJi© enrtb. It is easily seen in many fishes that they orient 
theiUBelves towani the center of the earth, both while swim- 
tolKi^ and wlule at rest» and I hat they tlirect their Wlliim^ 
bol never their backs, downward. If we try to ctmj[)el such a 
Bsb to lie U{k>u it^ back, it endeavors and sncceetk, as soon as 
liberated, in r^asfioming its usual orientation. It is not 
pby«if^lly impossible that such a fish should swim with its 
t^ack downward, and only physiological factors are present 
prhich comfiel the fish to diret^t its lielly toward the center 
>f tlie earth. Even we are comj>elled to assume a eertain 
^Kititm with reference tu the center of the earlh; we die- 
^■«ir it when we bend our heads bo that the top of the head 
^■t>wnwafd. The force which cum pels us tn as*fiume a deti- 
Irp orientation toward the vertical is naturally not very 
grft^at, yt*i it has a definite intensity, and it requires an 
ajtti^mal stimulus of a eertain intensity, or a definite effort of 
iJl0 will, to act against tliis force in order to overcome it. 
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There is a second, better observed and more accoratel] 
studied, effect of gravitation upon higher animals. This ha 
to do with the axes of the eyes, which are also compelled 

assume a definite position with reference to the horizontal — 

If the head of a fish is forcibly brought into a different posi- 
tion from that which it occupies normally with reference 
the center of the earth, the eyes tend to reassume, either 
entirely or in part, their old orientation. These lastii 
changes in the position of the eyeballs with reference to the 
axes of the head which accompany a permanent change 
the position of the head are also present, as is well known, ii 
human beings. They can in this case, as in the case ol 
animals, be compensated through appositely working optical! - 
conditions or internal stimuli, but a definite force exists : 

this case also to compel the axes of the eyes to assom^^ -^ 

their proper angle with the horizontal. 

Light has nothing to do with these phenomena; thej a^ ^ ^^7 
occur also, as is well known, in the dark, and in person^»-^^^^ 
totally blind. 

We deal rather in these cases, as we know, with the 
activities of a definite organ, namely, the inner ear. Schradei 
found that frogs from which the inner ear has been removecfc^^' 
upon both sides no longer endeavor to regain their position 
when laid upon their backs/ and Breuer has corroborate 
this observation.^ According to a paper by Sewall,' toc:^-^ 
which I do not, however, have access, and with which I 
acquainted only from the abstract which Breuer gives of it,B_ 
the compensatory movements of the eyes in sharks and skate^^^^^^^^^ 
were seriously affected by such lesions of the labyrinth 
led to decided and permanent disturbances in their move^ — 
ments. These experimental facts, indicative of the depend^ — 
enco of geotropic orientation ui)on the ear, are not nomerou 

1 S( HRADKK, I'ßü'jriH Archiv, Vol. XLI. 
".'Bklukk. rßüf/t'iH Arrhir, Vol. XLVIII, p. 237. 
3SEWA1.L, Journal of I'hysiology, Vol. IV. 
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ompared with those on the dependence of movements npon 
he ear. And so it happens that Aubert and Delage* 
cknowledge the latter relation, but do not, as it seems to 
ae, acknowledge the former. I myself do not doubt the 
lelief of Breuer and Mach' that the organs associated with 
he permanent changes in the position of the eyeballs, in 
lovements of the head, lie in the inner ear; and I think it 
»robable, in further accord with these authors, that these 
r^ns are more especially the otoliths. I therefore add the 
allowing results, obtained in a large series of experiments 
n the inner ear of the shark (Scyllium-canicula), principally 
3 show that my ideas of the importance of the inner ear in 
he geotropism of the higher animals rest upon personal 
bservations.* 

I. If the otoliths are removed (either with a pair of 
3rcep8 or a small sharp spoon) from a shark (Scyllium- 
anicula) upon one side, say the left, the following changes 
ccur in the animal in its orientation toward the center of 
he earth: 

1. The animal no longer swims, as does the normal, so 
hat its medium plane is vertical, but it has a tendency to 
am the left or operated side downward at an angle of from 
O to 50®, or even more, with the horizontal. 

2. The same change in the orientation can be noticed 
rhen the animal is lying quietly upon the bottom of the 
quarium. It then frequently lies resting uix)n the left 
iteral fins, while the right fin often does not touch the 
ottom of the dish. 

3. When the animal is in the normal primary ix>8ition 

1 AUBBST. PhyttiologiKhe Stwlien üttrr die (hrieutirvng (TübinKt^n, 18^8). 

sMach, (irundlinien der l^chre \\m den Hetreirunf/ttrmpfindungen (Leipzig, IHITt), 
.110. 

'In an nddcndum to his paper <ui tho Funrtiorui of the Central \criitu» Si/*tem^ 
tc. « Braunschwoitf. I8H81, Steinkr <l«'scrib«»H his ezpt'riiiwiit.s 011 "tho >t'mi-cirruhir 
aualst <»f »harks.'' This anthor ha> «iv«>rl(M>kt'd t\u* fact that it is th«* fuiiotion of thu 
nner rar to call forth coraix^nsatory motions ami (M>sitious, ami m> ha«« failed to 
»ake obMrTatioos on the f^eotropic functions of the ear. (S4><> .Mach and Breuer.) 
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its eyes are rotated more or less about the long axis of the 
body toward the left, so that the left eye looks downward, 
while the right eye looks upward. The (persistent) geo- 
tropic movements of the eyeballs upon changing the orienta- 
tion of the animal toward the center of the earth still occur, 
with this modification, however, that when the whole animal 
is turned about its longitudinal axis the amount of the com- 
pensatory movement of the eyes is added algebraically to 
that caused by the lesion of the ear. 

4. Only a slight change is noticeable, usually, in the posi- 
tion in which the pectoral fins are kept. The left lateral 
fin is turned toward the back while the right is turned 
toward the abdomen. 

II. If the otoliths of such an animal are removed from 
the other side also, all the phenomena described above dis- 
appear. Instead, however, now the following abnormalities 
appear : 

1. The animal is no longer compelled to turn its ventral M^^^=^^ 
side toward the center of the earth. If one carefully attempts ^^^^ 
to lay it upon its back the animal does not resist, and when mtm^ "^--^ 
prevented from falling over, it remains permanently upon its ^^ -^ ' 
back. When left to itself, the animal is often found lying 
upon its l)ack, or swimming in this {wsition, even when it is 
entirely well and vigorous. 

2. The |KMuianent alterations in the position of the eye- 
balls, when the orientation of the animal toward the center 
of the earth is changed, are lacking. 

III. If the antrum is opened and the same injuries ai 
inflicted as are necessary to remove the otoliths — without,^- 
however, injuring these or the nerves of the antrum — th 
l)hen(jniena described under I and II do not ap|)ear. Nor i 
this the case when lar<^e pieces are removed from the semi 
circular canals without injuring the ampullflB. 

IV. If the l(»ft auditorv nerve of the animal is cut, th( 
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henomena described under I are observed, only in a greater 
?gree. If both auditory nerves are cut the phenomena 
ascribed under II set in. 

V. If the otoliths are removed from one side and the 
iditory nerve is cut upon the other, the animal behaves as 
lose described under II ; with this difference, however, that 
le eyes of the animal are turned about the longitudinal 
eis of the animal toward that side where the auditory nerve 

cut. 

Also, as regards the so-called forced movements — which 
"e not considered in this pai)er — the animal behaves as if 
had been operated upon only on one ear, namely, that whose 
iditory nerve is cut. 

VI. A shark whose head has been cut off, and which, as 
well known, still swims, is no longer forced to assume a 

»finite orientation toward the center of the earth. When 
id upon its back it no longer attempts to reassume its 
^customed position with its ventral side downward. 

The disturbances in the geotropic orientation which fol- 
•w the cutting of the auditory nerve have thus far contin- 
Bd for a month. 

These ohstn'i'atious, it seems to me, prove that the geo- 
opic phenomena ohsn-ced in the shark are dependent upon 
e inninr ear, and support the assumption of Breuer and 
Utch that they are called forth by the otoliths. 

But we can determine how the inner ear forces an ani- 
al to maintain a certain {K)8ition with reference to the 
>rizontal as little as the botanists can explain how geotropic 
irvatures are called forth in plants. We can only say, in 
irmony with Goltz,' or Mach and Breuer, that tlie animal 
unes to rest only under a certain arrangement of strain and 
■essure in the |)eripheral ends of Inith auditory nerves, 
his arrangement exists in the shark when the animal turns 

tOoL-K, PfULgtv Archiv, Vol. III. 
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its ventral side toward the center of the earth, and keeps its 
longitudinal axis almost horizontal; but in every other posi- 
tion of the animal the altered distribution of strain and pres- 
sure upon the ends of the auditory nerves forces the animal 
again to assume its customary angle with the horizontal. 
This force is maximal when the animal lies on its back. If 
one of the auditory nerves is cut the animal is compelled to 
assume an oblique position in which the injured side is 
directed downward more than usual ; if both auditory nerves 
are divided, no force exists to compel the animal to assume 
any definite geotropic position.* 

I will give a single example to illustrate what may be the 
further biological significance of geotropism. The reader is 
acquainted with the marked difference in the pigmentation 
of the ventral and dorsal sides of many animals, especially 
that of the fishes. This difference is to a large extent inde- 
pendent of light and is determined by conditions which accom- 
pany development. In part, however, it is directly dependent 
upon light ; the back, which is i)ermanontly directed toward 
the source of light, must become richer in pigment than 
the ventral side. Cunningham has, indeed, been able to 
show recently that flatfish develop pigment upon their lower 
surfaces in an abnormal way when these are illuminated by 
the help of mirrors, as strongly as their up[)er surfaces.* 

I I no lonflror beliovo that the dirr^ction of thn wavos of sound has any efTect, 
which I considennl pi>s>ible in my prolimiuary paj)er on »«'otropism. 

■•'J. T. Cunningham, Zooloyischc Anzvöjcr, Vol. XIV (1891). 



VI 
ORGANIZATION AND GROWTH» 

THE DEPENDENCE OP ORGANIZATION IN ANTENNULABIA 
ANTENNINA UPON THE ORIENTATION OP THE ANIMAL 
TOWARD THE CENTER OP THE EARTH 

1. The diflFerence between physiological morphology and 
le purely descriptive morphology lies in this, that the for- 
er endeavors to control the formation of organs. Its aim 
, therefore, primarily a technical one. Since almost every- 
liiig is still to be done in this direction, at present those 
ises will be especially welcome in which the means of con- 
ol of the morphogenetic processes are very simple and yet 
?rfect. I have found that in Antennularia antennina, a 
jrdroid, it is possible to control the morphogenetic process 
ith the aid of the position given it with reference to the 
nter of the earth. By this means we can not only at will 
use another organ to grow in the place of an amputated 
te, but we can compel an uninjured existing organ to stop 
•owing in its old form and form an entirely different organ. 

2. In Antennularia antennina (Fig. 37) a straight 
ibranched stem SS^ about 1-2 mm. in diameter and otUm 
ore than 2ücm. long, arises from a mass of nx)tsTF. Deli- 
ite lateral branches of limited growth and directed slightly 
pward spring from the stem in regular order. U|)on the 
pper surface of these are ix)ly|>s and nematophores, which 
re indicated only by |K)ints in the drawing. In order to 
ftve nxjm, only the lower third of the stem has Iven drawn. 

I have previously iK)inted out that Anteimnlnriaiifl show 
decided geotropism; that is to say, the growing parts of 

iWOrsburg: Georg Hertz, 1891. Althoufph date<l 1H92. this pamphlK appeared 
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these animals are compelled to assume a definite orientation 
toward the center of the earth. ^ If the growing stem of an 
Antennularian is put intj any other than a vertical position. 
the growing tips bend until the stem again 
stands vertically, after which it grows straight 
upward. The root, upon the other hand, grows- 
vertically downward, but not so directly as the 
stem. The stem is negatively, the root posi 
tively, geo tropic. The stem ab (Fig. 38) origin 
ally stood vertically. I tilted it so that i 
formed an angle cba with the vertical ; the newl; 
formed piece bo grew vertically upward aftei 
this change in position. I then put the stei 
back into its old position, after which growi 
continued in a vertical direction cd. Fig. 31 
also shows an upward bending of the stem. 
Roots growing downward are shown in W (Figs 
40 and 41). While the tip of the growing 
stem does not weary of growing vertically 
upward whenever its position toward the ^ 
horizon is slightly altered, the root is ^ / 
much more sensitive. It does not bear / 



\ 



fig. 37 





/ 



FIG. 38 
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changes in j)osition very well, and I have been able 
demonstrate positive geotropism only in newly grov 

' Part I, p. 176. 
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Light has no demon- 
ion of AnUtimiilaria. ^ly 
e onI}% the animals ^/ 
same oi^curs also in 
ever, affect the orien- 



strable eflFect upon the 
Even when lighted from 
contiijue to grow upward; 
the dark.* Omtact stim- 
tation. WTien the roots 
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ught in contact with a solid body, they attach them- 
> it and grow over its surface. The stems and branches 
possess this 
irritability. 
7iih. these pre- 
f remarks, I 
ow how regen - 
ind heteromor- 
depend tipjn 
fb tat ion of the 
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ah (Fig. 42) represents 
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FIG. 41 

th reference to the horizon. 
cut from the stem of nn Antennularian ; a is the 

Bpecimen frrew only slightly iu the dark. This may, however, have hap- 
by chaoc«. 
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«ential point is again this, that the place of the new growth 
determined by the orientation of the stem toward the cen- 
r of the earth, inasmuch as stems arise only from the upper 
irface^ the roots only from the lower surface, of the element. 
hat a new stem may arise from the upper surface of any 




FIG. 45 

anient of a stem which is put obliquely is evidenced by the 
ct that such stems arise at times from the upi)er surface of 
e lowest elements of the animal. Such a case is shown in 
ig. 45. The stem of an Antennularian was bent so that 
le two ends were directed obliquely downward. New stems, 



,, Sj, S,, S^j Sj, have formed U|X)n 
t different elements of the old stem. 
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about one or two weeks. But they do not grow in the old 
direction obliquely toward the tip of the stem, but instead 
vertically downward. Nothing of this sort happens to the 
branches situated upon the upper surface. The newly formed 
organs which grow vertically downward look exactly like 




. <<i«<^l(iK<: ^ 



FIG. 47 



FIG. 48 



:i-oot8, and that they are indeed such can be proved physio- 
logically. If they are brought in contact with a solid body, 
they attach themselves to it and grow over its surface. Be- 
sides being positively geotropic, they are also |x)8itively 
^tereotropic — a form of irritability possessed only by the 
^^roots, but not by the branches, of Antennularia. Such an 
^«^ntennularian stem is shown in Fig. 40, in which all the 
^Dranches of the lower surface have been transformed into 
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orientation of Antennularia toward the center of the earth 
are not exhausted by what has been said in the foregoing. 
It is possible to cause the growing tip of the stem to cease 
its growth and develop into a root. This is done by invert- 
ing the tip. I cut long pieces from the stems of Antennu- 
lariffi and hung them vertically 
in the aquarium, but in an 
inverted position. A rapidly 
growing stem was formed at 
the upper — that is to say, the 
basal — end. When it had 
attained a certain height, I 
turned the whole animal about 
a horizontal axis through an 
angle of 180°. Not in a single 
instance did the tips of the 
stems bend upward — as the 
negatively geotropic parts of 
plants usually do under the 
same conditions — htit they 
ceased to grow and one or more 
roots formed at their tips. 

Fig. 49 shows a stem at the 
end of such an experiment; 
ah is the piece of stem upon 
which the experiment was 
started. It was at first fixed 
in an inverted position, so that the basal end h was directed 
upward, and the apical end downward. The new stem be 
sprang from the basal extremity, grew vertically upwanl, 
and gave rise to lateral branches which were directed slightly 
upward and carried polyps upon their upper surfaces. The 
roots TFj formed nt b, nt the base of the new stem, as was usually 
the casi» when the old stem did not stand entirely vertical. 




FIG. 49 
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From the lower apical end sprang the downward- 
growing roots TF, which remained much shorter 
than the roots W^. A complete heteromor- 
phosis had therefore been produced, a 
root having been formed in place of the 
old tip, and a stem in place of the 
root. I now turned the whole animal 
about a horizontal axis through an 
angle of nearly 180°, by which 
process the animal was placed 
in the position shown in the 
drawing. The arrow indi- 
^^ cates the direction of the 

jfi - vertical The tip of the 

at its lower end Ut . , . , 

M^ stem which was now 

c, and, besides, w^ ^ j- x i j j 

' ' '^i IV^ directed downward 

other roots, Tk « , ' !S^ , . , . 

' ^ 'bk ceased to grow, but 

sprang from its "*" 

lower surface. These 
perhaps came in part 
or entirely from the lateral 
branches. The old roots 
at a continued to live, so 
that the animal terminated in 
roots at both ends. 

The same series of phenomena, 
differing only in detail, is shown in 
Fig. 50. The stem ab was susi)ended 
obliquely in the acjuarium, the apical 
end h being higher than a. The stem 
(le sprang from the surface which at that 
time had been upi)ormost, and from an ele- 
ment lying fairly low down upon the stem. 
Roots W sprang from the |)oint which origi 




the stem retained 
its vigor and its 
normal appear- 
ance. Several 
V roots ir,— 
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nally lay opposite c/f, and from the lower cut end a of the 
strm. When the new steva had attained the length ric% 
I turned the whole animal about its axis, so that b and e 
were directed downward, and the specimen was in the posi- 
tion imlicated in the ilrawing. The Btera dr refised to grow^ 
mud a delicate root W^, growing downward, was* formed at 
II e, Tlie drawing was made soon after the root bi^gaii to 
^Bh^w, Besides being formed at f*, root« W^ also grew from 
^^Hie ajiical cut end 6 which was ilirecteil downward ; the three 
PHksiiid Sg, S^, A4, were formed upon the upj^er surface of 
tbo stem with their corresponding roots ^V^^ JF,, W^* 

5. In all these exjierinients one fact — which is, however, 
not a specific projjcrty of Anteiiunlaria — constantly re^^ata 
itaelf : new growths arise much more easily and nnmerously 
from the basal than from the apical end. I have observed 
the same fact in Actinia mesembryanthenium, and A, von 
Beider mentions it in connection with Cladocora/ 

In general, too, the formation of roots in Antennnlaria is 
dependent U[xjn the formation of a stem. If a BU*m is 
formed at any {xiint, roots also form after some time, at first 
nfxm the under surface of the old stem, then ujjon the upjier 
surface in the immediate neigh tx>rhood of the new stem^ 
and finally at the lower end of the new stem itself (Fig, 40j- 
It is self-evident how such phenomena complicate Üie 
I Inflnence of orientation ufHJu the place where new organs are 
ft>rnn?d, 

iK I cannot say precisely how the position of the new 
orgatia formed in Antennnlaria is determimHl by the orienta* 
tloii of the animal toward tlie center of the earth. Naturally 
the effect of grantation cannot be different in animate from 
what it m in inanimate nature, aod there would be no reason 
I ff >r iMHiig disappointed should it be found that the apparently 
I ^Djateriona effe<!t of gnivitution ujiou organization in Anlen* 

I lA* vcm Bbd»^ m^mcr mtmußb^rithtm. Vol. LCGCIT, Part 1(18^1^1^6». 
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nularia consists, for example, in simple hydrostatic effects. 
It would also be entirely useless to ask whether gravity is 
"the cause" of organization in Antennularia; naturally it is 
only one of the conditions determining organization. Under 
ordinary conditions, however, it is of paramount importance.' 

I add these remarks since it seems to me that the work 
of Pflüger on the effect of gravitation upon the division of 
cells is misunderstood in some of its points, and its value to 
the further development of physiological morphology is not 
appreciated as it should be. 

7. I shall in conclusion describe an experiment which I 
found in the botanical literature on the transformation of 
organs in plants through external forces. The reader may 
see from it that plants and animals are not essentially differ* 
ent in regard to the physiology of organization. 

I choose as an illustration Noll's' experiments on 
Bryopsis, which perhaps represent the most successful 
experiments ever made on the control of organization in 
plants through external forces. According to Noll, the 

so-called " leaf -barbs " (leaves) of Bryopsis mucosa arise near the 
tip of the upright stem. They are hollow tubes which spring from 
the main stem in two rows at an angle of about 45°. The roots 
arise from the lower part of the plant and grow away from the 
light into the ground, where they become attached to the particles ^ 
of earth much as do the root hairs of the higher plants. The ^ 
stems and leaves do not show this reaction to contact stimuli. 

The morphological differentiation of the organs seems tocz:^ 
be much less marked in Bryopsis than in Antennularia -«^ 
for, according to Noll, "by examination of a single orga^r ^ 
doubt can easily arise as to whether the fragment originate^E^ 
from a root, a stem, or a leaf tubule." In a normal Antena"*;^^^^^ 

1 In his Grun(lri»8 der Naturlehrc, Mach defines cause and ^ect as follo**^"^^ 
*'Dic auffalloudsto Ro<liugun« der ein<?etretenen Ver&nderung pfleirt man ^ ^ '^ ' 
Ur>uche. die VerftiideruuK selbst die Wirkung zu nennen." 

-F. Noll. Arbeiten des hotanischen Instituts in Würzburg, Vol. III (Lei^»'«^^^"-** 

18^8). 
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laria it is an easy matter to diagiio^t* the organ from which 
a fra^^ent line origin at e<L If such a BryopsiH is hiid hori- 
55ontallv upJii the gromul, "the growing &\vm becouies orpct 
et ÜB tip, the leaf tubalt^s again grow abliquoly upward at 
their Ufiual angkv and the nx>t tubnles grow downwartl into 
tho dark earth,"' Null then tried ** whether a rocjt eon Id be 
produot'd from the tip of the et em, and a ni?w stem from the 
txHit tnbules/^ He suspended plants from which the rooJa 
had l)een eut in glam tnlies in an inverted pusition, that is, 
with the tip downward. When the exjjeriment was brought 
to ft close after some time» 

the tip in a nmulx^rof pbtut^ bud greatly increii»ed in length, hut 
iDfttead of |^>win^ upwiird it had grown downward into the sand, 
was bent, and intimate] j connected with the grains of sand ; in 
short* it had Im^u transformed into a typical root tubule. Even 
Ih« ft^w tt-aves which bad Ikh^ formtxi bad also grown into roots, 
Anotheri^nesof these sf>ecimem4 did not show this tniusformation ; 
in th€*t$e the tip» turne<i upward at an acute angle and returned in 
thrir old dLrection ; they rcmaineil totems. 

In regard to the latter point the behavior of Aatenmilaria 
is essen tially diiTerent* Wlien the ilii i8 directed diiwiiward, 
its growth aa a stem ceases immediately; never under these 

y cimumetancee does it bend so m to grow iu its old upward 

Ljdireetion. 

F Further growth can now take place only in &o far as the 
tip continues to grow an a root. In N<iir9 experiments a 
tubale which grew upward aro^ at the up|>er basal end, and 
m some eases showed a beginning hartmle formation. 
Aeeording to Noll, light is the essential factor in tlie eontrol 
ol the moq>hogenesLS, 



IIL THE ABTIPICUL PKOÜÜCTION OF A VAtlETV OP 
ANTEKNULARIÄ ANTENNIKA 

The main stem of Antennularia antennina is unbrani*hed* 
In I tie hnndreilsof specimens that j>assed through my hands 
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in Naples I did not find a single exception to this rule. 
When a piece was cut from the stem of Antennularia anten- 
nina and a new stem grew out of it, either through regenera- 
tion or through heteromorphosis, the newly formed stem 
had, under ordinary circumstances, all the characteristics of 

the old — it grew upward with- 
out branching. 

Under certain external con- 
ditions, however, an entirely 
different kind of stem was 
regenerated. At first a short 
stem grew straight and verti- 
cally upward, but from this soon 
sprang a new branch having the 
diameter of the old. Since 
every branch one after another 
gave rise to other new lateral 
branches, which after a time no 
longer grew perfectly vertically 
upward, forms of Antennularia 
with many ramifications 
originated. Faithful represen- 
^'i^' 51 tat ions of three such forms are 

givrn in Fig. 51. They all arose from stems lying absolutely 
lM»ri/ontal, or nearly so, two at the apical end and one at 
\\u^ basal eiiil. No branches were formed. 

1 \u\\i\ moreover, made exjH^riments to decide whether 
pieces of the old stems which under abnormal conditions 
^01 ve rist> to variati(^ns would prcxluce unbranched or branched 
aiitemiina stems when brou^rlit back to normal conditions. 
rmlcr tlii'sc ctnulifions ihcy formed only unhnnwhcd anten- 
ninn stems. 

Under the abnormal eondititMis, however, not all the stems 
bniiielieil; tliis hap|H'ne(l only in part of the s|XH.*imen8. 




I shall have to continue tht? exi>erimeiiti tefore I can 
liftcMiß» the eotiditiona whkh determine th© formatiou of 
tbe^^ ubnortualitiea. 



I 



rr. ON THE rNTEBKAL CAUSES OF OBOANIZATIOK IN 
TLBLLAßlÄ MESEMBEIANTHEMCM 



1* In moet animals at a cat edge with a definite orieuia- 
tion only 0110 kind of organ origioatea. If the tail of a 
Hasard or a salamandtT is amputated, only a tail and not a 
ht^aii m Tegenerattid In its place, and a lüljstt.ir dt? ve I ops a new 
pinci^r in place of the one lost^ and never anything else-' 
Hor can it be eaid that only the highi^r animals show this 
jttfiexibility in organization. As shown by all the e^^ri* 
B^ntii which have been made u[K>n it fur a huodred and fifty 
years^ Hydra beharee thus; even in Infusoria Knasbaum 
found such a relation to exist between the new growth and 
the orientation of the wound' In plant physiology the 
instancee in which complete control of organization through 
external forces is possible are very scarce. In the majority 
of these experiments, also, it seems that interopil, anti at 
preisen t unknown, factors essentially determine the pof^ition 
of the organs. If we wish to control these internal con- 
ditions in animals, we mnst try to obtain further information 
concerning them through experiments. In order to ^iva the 
remler a clearer idea of the role of these internal causes in 
uiimal morphogenesis I will remind liim of the experiments 
Ofum Cvrinnthus membranaccus, given in the first vohimo of 
my Pky^iuhHjtaä Morphology.* The oral |M:)le a of Cerian- 
Ihtis differs markedly morphologically from the alwral jiule b 
(Fig. ri2). To be brief, I will mention only one difference — 
thai leotaelee arise from the oral pole. If a r^t&ngnlar piece 

ITtiia b wo tnmrvr cvirn^l. Hit^rh^L Ims ftbomi tbat Id CraftejOfiSA» In ilm plao» 
■f Bji rre m new «jfe ur a uc^w icDiiic^Jr eiin be pnHluei?«! a I dciiffr, t^^^iaj 

I M XirMKAm. Archiv f^r mtkra^ki^pitchc Anaiumht, VaJn. XXVI Hml XXIX, 
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cdef is cut from the body of an Actinian, tentacles ar^ 
formed ujwn only one of the four cut edges, namely, upoiL 
the oral surface ef. From this and similar experiments — 
which may be read in the original — it follows that the place 
where the new tentacles are formed in a fragment of Cerian- 
thus is determined by the orientation which 
the fragment had in the intact animal; just as 
in every fragment of a broken magnet the 
position of the poles is determined by the 
orientation of the piece in the unbroken 
magnet. From this analogy — which, how- 
ever, goes no further — the term "polarity'' 
has recently been applied to the organization of 
such animals. According to this idea, Cerian- 
thus would be a typical ''polarized animal." 

Now, Cerianthus is not a satisfactory sub- 
ject for investigation of the causes of ''[)olar- 
Ity ;'' Tubularia mesombryanthemum, a Hydroid, adapts itself 
\\\\\k\\ U^tter to these exjK^riments.' Tubularia ends in a root 
at ilH nlH>nil einl, and in a l>olyp at its oral end. If a piece 
IH cut fr\»m the stem, and both cut ends are surrounded by 
water» a heteromorphosis results, as I have shown in a former 
|m|HM\ A |H>lyp arises from both cut ends, and a bioral animal 
IH obtaiiunl. Yet the formation of |x>lyi>s is different at the 
two ends \\\ i>ne particular: it is always more rapid at the 
oral than at the alK>ral iH)le. In so far as this fact renders 
it |H»ssible to determine which was the oral and which the 
aluual end in the uninjured stem, it can still be considered 
UH an expression of iK)larity. The following exj^eriments 
deal with the internal conditions whieh determine the differ- 
enei* in time between the formation of the j)olyi>s at the oral 
and at the alH)ral ends in Tubularia. 

The startin*x-i>oint of these exi>eriuients is J. Sachs's 




»SiH' I'arl 1. p. n.K 



thfory of or*^aiiization/ Sachs assumes that *"with differ- 
ences in the fornis of organs are connf^eted differeiicoa in the 
subetanoes composing tbem," and that '*frt>m priuciples 
which hold for all seiences we must assume that the difftr- 
ences must be derived causally from the differeiict»^ in 
ubemicäl Constitution" (p. 425), **We shall have tu ussnuie 
moe existence of just as mauy specific formative suhistaucea 
BS there are tlifferent forms of organs in the plant," The 
ßfieeifie morphogenetic substances are affected through 
external conditions, especially gravity and light, **8o that in 
ci^rtain cases the spuiidl arrangement of the different organs 
is determined thereby," The monstrous formation of an 
organ at the place where normally another organ should 
exist — as in the case of beteromorphoses — Sachs attributes 
ia an at^eence of the specific enl>stancea necessary for the 
formation of the normal organ at this jJace, and the presence 
iusteacl of the spH:ific formative substances of another organ 
jp, 4«U), Hachs also explains w*hy any regeneration what- 
fl*wver of roc»ts or stems occum in plants de[>rivcd of them, 
'*Wliy is it that the simple removal of a piece calls forth a 
regeneration of organs at j>laces where this never would 
htvis ooeiUTdd without some disturbing influences such as 
the n»movftl of the piece?" (p. 470). The answer is as 
foUo WB : 

I o^Hi^nmo that a^ long m a green-leafad plant with an upright 
ste*ni m nouriishtHl and growing, the specific formative &uÜHt«mces 
for %^w root flow fn>tn the a.ssimilatmg leaves to the »ystrm of itM>ts 
at the lower end of tbtvstem, ft bile the substances forming the »tern 
flow in a shnilar manner upwanl toivard the growing poinls uf the 
ftteni and I hi« bmncbc;^. If ti piece is cut out of the ^tem or the 
root» tht* cut surface in itself olTt*rs a l«irrier to the ftnihcr move- 
Wßvui* The sj*ecitic formative substances coutiiintd in it will» in 
CiHi?«*ciu»»nce, collii't iu tht> ncighliorhoiMl of !he two cut tiurfuees* 
Thost* substances h-ading to the formation of roots will collect at what 

lil.SMt|u« Atb^iJmm dm Uftanisthen I um tt tut* in tVar^lrmtv^ ViiJ. J I (LftiintUC 
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nlcf is cut from tin.- hud\ '< 
formed ujKm only um? of th** 
tho oral Burface {/. From ♦T 
wliich may In? n»ad in thf» • »: ' 
when» the new tentaelos n«- . 
thuR is ili.'iti^i. 
the fra;;iiii ill — 
in every ir»--' 
])ositi<»M ut 
oriiMitJitiiiii -.. 
mnt^iit'l. i-f-M- 
ever, ^oi-.^ : ■ 
hasn*ft.'iiii_. ii- — 
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experiment 

tolmjival Morphologtf, During my last stay in Naples 
jieated it, and found that in one qbeq the [jolyps at a 
I formed about twenty -four houre earlier than at th 
pis differenc« m not great enough to explain the differ^ 
in tiiut* ill all cases between the formation of jjolyps at 

Cal and at the aboral end, which not infrequently 
ts to one or more weeks. 
I Another jiossibility is conceivable. The subiitJincea 
lary for the formation of polyjis are formed in the 
I of the Tubuhiria, and move in both directions, but 
DTement occurs first in the direction from root to oral 
upward K **^*^1 more easily than in the rex'erse direction. 
B aflsumplion were correct, then when we divide the 
mb m above, the polyp at the oral cut end d of th© 

I piece hd ought to be formed distinctly earlier than at 
boral end c of the oral piece «c, because the formative 
luce of the [wjlyp has to move in the first casö in the 
ion from root to polyp (upward); in the second, in the 
b direction. 

eked out eight Wealthy e[>ecimens of Tubularia from 

y, amputated root and ptjlyp, and divided the remain- 

es ub by a transverse incision between c and (/. The 

a(^ were fixed lu an inverted j)oeition, the pieces bd in 

irigbt [Kisition in narrow glass tubes standing vertically, 

II only the ends c and d were surrounded by water and 
form jjolyps. After three days two poly[is were formed 
} d ends; upon the following day all the d ends carried 

On this day the formation of JKilyps tmly just 
, on the c ends in two of the s[)ecimens; not until four 
Rter was regeneration complete in all the sjiecimena 

A second exj*eriujent I used nine Tubularian sterna. 

three flays all the tl ends had polyi«, while regenerii- 
bad only begun in two cends; only three day» later 
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had regeneration begun in all of these specimens. In 
other experiments, also, the same results were obtained. 
That the orientation of the Tubularian stem toward the 
center of gravity has no effect I have mentioned in the 
preceding paper iv; and I have corroborated this finding 
by careful control exjjeriments. I suggested in paper iv 
that regeneration perhaps occurs more rapidly at the oral 
pole because a distinct difference in the diameter of the 
lumen usually exists between the two extremities. The 
experiments cited above show that this suggestion is incorrect ; 
there is no difference in diameter at a transverse section, 
and yet regeneration always occurs much earlier at the one 
cut end than at the other. 

5. If the Tubularian stems used in the experiment are 
very turgescent, and highly pigmented, the difference in 
time between the formation of the oral and the aboral polyps 
may be very slight, and amount to only a few days. Very 
often one finds pale Tubularise which form polyps within the 
usual time at the oral pole, in which, however, the polyps at 
the aboral pole are formed only after one or more weeks. 
I made the following experiment upon such animals : I fixed 
eight animals (I) taken from one colony vertically, in the 
sand, but with their oral ends downward, in order to prevent 
the formation of polyps at these ends. At the same time I 
suspended seven other animals (II) of the same colony also 
vertically and in an inverted position in the aquarium, but 
so that both ends were surrounded by water. These animals 
had to form polyps at both cut ends. All animals were kept 
in the same aquarium, and were therefore exposed to the 
same temi)erature. After three days the first few new polyps ^ 
were formed at the oral j)ole of those Tubularians (II) of 3 
which both ends were surrounded by water. On the next -^ 
day all of these had formed |)olyps at the oral cut end. Tb o*r^ 
same day, however, polyps were formed in five of the animals — , 
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of the other group (I) — at the aboral end; and on the day 
following, regeneration was complete in all of the animals of 
this group. In Group II, on the other hand, in which the 
animals had formed polyps at the oral pole, regeneration did 
not set in at the aboral cut end until five days later ; and not 
until six days after this was regeneration complete. The 
formation of polyps at the aboral pole was therefore com- 
plete eleven days sooner in the animals of Group I, in which 
the formation of polyps was prevented at the oral pole, than 
in the animals of Group II, in which polyps were formed at 
the oral pole. By preventing the formation of polyps at 
the oral pole^ the formation of 2>olyp3 at the aboral can 
therefore be accelerated. I have repeated this experiment 
some ten times, but always with the same result ; usually the 
delay in the formation of polyps at the aboral end caused by 
allowing polyps to develop at the oral end was even greater 
than that here given. This simple experiment, which can 
easily be repeated, and, according to my experience, with 
certainty, may be thus explained in the light of Sachses 
theory. The specific formative substances for the polyps are 
present only in limited amounts, these being sufficient for 
the formation of only one polyp in the Tubularian stem at 
the moment that it is cut When both poles are subject to 
the same external conditions, these substances reach the oral 
cut end first If, however, the formation of polyps is ren- 
dered impossible at this end, they wander to the other end.* 
If the formation of polyps is not prevented at the oral end, a 
polyp can form at the aboral end only after a sufficient 
amount of the formative substance for the jKjlyi» has been 
formed anew. 

0. The question now arises as to whether in the stem of 
Tnbularia such a migration of substance toward the cut end 
can, indeed, be observed to precede the regeneration of a 

lit is possible that in somo cases of c(>mponsator>' hypertrophy, for example ia 
the testicles, specific formative substances for the organs play a similar rOle. 
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polyp. If a Tubularian stem is examined immediately after 
the polyp has been cut oflF, separate red pigment granule are 
found distributed quite regularly throughout the stem. Oa 
the following day a denser aggregation of these granules is 
observed in the vicinity of the cut ends, and after two or 
three days they are often so numerous that the cut end 
seems saturated with red. Soon thereafter the polyp i» 
formed into which the red granules are collected. This 
occurs also in the formation of a polyp at the aboral end. 
I will not, of course, assert that these pigment grannies are 
the formative substances of the polyps in the sense of Sachses 
hypothesis. It is rather to be assumed that, since pigment 
granules have no active motion, movements probably occur 
in the protoplasm of the Tubularian stem, at first in the 
direction from the aboral end to the oral, and later, when the 
oral polyp has been formed, in the reverse direction. It 
might also be that in some cases in which external stimuli 
have an influence upon organization these stimuli bring 
about or modify such protoplasmic streaming. The move- 
ment of protoplasm in plants under the influence of external 
stimuli has been observed directly by Wortmann.* The 
migration of the pigment granules toward the cut ends 
actually observed, and the connection between this migration - 
and the formation of polyps, probably indicate that one is ^ 
justified in believing that organization in Tubularia — and Ji 
also other animals — is associated with the migration of^^ 
formative substances. 

7. For the time being we may, therefore, believe that ^^m 
heteromorphosis can be brought about whenever the specific— ^ 
formative substances can wander in different directions iiÄi? 
the animal body; while in the case of animals possessiiL^ 
*'|x>larity" this migration is |)ossible in only one direction. 
When heteromorphosis occurs in Tubularia, but the ora/ 

> Wortmann, Botanische Zeitung (1887). 
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poIyp is formtnl sooner than the aboral, we should have to 
fifi^unje that tht» mibstanet^s uetieBsary for the forinatioQ of 
nt^w [jolyj« move in both dire(?tion3 iu the Tubularian Btem, 
bill this nioveuif^iit occurs more rapidly, or earlier, to the 
direction from root to polyp, tUnn in the op[KJsito direction* 
8, I shall in conclusion mention the fact that under one 
oondition the J>olyp may occasionally l)e formed ßtoooer at 
the aboral pole than at the oral, even when l^oth are subject 
to thö same external conditions* This can hap[>eu when the 
formatiou of pijlj[»B in retarded, or made almost im[iogsibIe, 
through external conditions. According to my former oliser- 
▼aiions, this can also Iiappen when the pieces of Tubularian 
Btem used for the ex|>eriment are very short, 

1%% IBBITABILITY AND OBQAKIZATIOI? I!C TUBÜLABIA 
Wt* saw that the physical condition which determines the 
mtation of Antennularia in space has an effect also upon 
imsltiun of its organs; the same relation also exists be- 
tween irritability and organization in Tubnlarians, Tubu- 
liriii mesembryanthemnni is neither heliotrupic nor geo- 
tr^pic; lighi (ind tjrfiriftf filso hare novffevt upon the orujin 
qf wtr oryttm in Tubulnrta. On the other hand I have found 
Ibat th© animal is highly stereotropic ; that is^ the oricuia* 
tion iff its organs is very clearly atfected by contact with the 
i«urfaee of solid bi^tlies. The root of Tubnlaria is jjositively 
Irtereotropie, that is, when bronght in contact with the sur- 
:face of a solid body it attaches itself to it and grows over 
1^0 surface. Possibly through the slight friction u sab- 
Hmc« is secreted which causes the root to stick. The f)olyp, 
BOW^nrert is negatively stereotropic When brought in con- 
Ijict with a solid Ixxly, it turns away from it until it is again 
teurroumli'd by water, after which it grows in the direction 
«Ic'tertnined by the orientation of the jKJlyjv The »time 
miimalun whieh iteterminv^ the orientaiion af Tubnlaria in 
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space is also of importance for its organizatioi^ii(L For it 
is possible to control organization in Tnbnlaria by \contact 
stimuli to such an extent that by their help we can\ pre- 
scribe in a large measure whether a root or a polyp shall 
grow from the aboral cut end of a Tubularian, If the 
aboral end of a piece of Tubularian stem is surrounded by 
water, so that it does not rub against the surface of 
solid bodies, almost without exception a polyp is formed 
upon it instead of a root; heteromorphosis occurs instead 
of regeneration. If, however, the same end is brought into 
permanent contact with the surface of a solid body — if, 
for example, the stem is laid horizontally upon the bottom 
of the vessel — a root is oft^n formed. But to accomplish this 
it is necessary to keep the dish quiet, and care must be taken 
that the same side of the stem remains in contact with the 
solid body ; otherwise it does not attach itself. If the stem 
does not attach itself, a polyp is soon formed, just as a polyp 
is formed at the tip of a Tubularian root which has been 
freed from the bottom of the vessel, as soon as it is sur- 
rounded by water. Of course, it is in every case necessary 
that the general conditions of growth of the animal, which 
we shall discuss later, be fulfilled. I remember that only 
once in hundreds of individual experiments did I see a root 
grow without contact with a solid body.* But a factor camö 
into play here which still brings this case under the 
general grouping. I had cut a section from the stem of 
a Tubularian, and had laid it horizontally upon the bot- 
tom of a glass vessel. A root sprang from the aboral end 
which attached itself to the bottom of the vessel Simul* 
taneously with this root arose a second, which curved up" 
ward somewhat, and which continued to grow as a root with- 
out contact with a solid body. The exception was probably 

1 In recent oxporiments on Tubularia croc<Mi I have frequootly obseryed thefo'^ 
mation of r(M)ts at the aboral end, even if the latter was not Id coDtact with a soU« 
body. [1903 J 



mly apparent* It may be that I had to do with a Irifur- 
•ation of a root which had bt^tn produced through contact 
stimuli, of which the one branch contiuued to grow without 
sontact. But, as before, I did not eucceed in causing the 
frowth of a root at the oral pole in even a single instance; 
.t may be that this is imjxiasiblo in Tubularia by any of the 
HfmDB which I have employed thiiB far. In the light of my 
pst^viuuB experiments on Anteminlaria and Aglaophenla, I 
med not emphaei^e that this is only a special characteristic 
?f Tubularians« 

If a root IS formed at one extremity of a Tubularian, 
ind this has grown vigoronsly for some time, its tip not 
nlrequently becomes faintly red, and this coloration deepens 
rapidly; in sncb easels a polyp forms at the tip of the root, 
frbich then immediately bends away from the substratum 
ijion which the root has grown and grows almost perpendic- 

rly upward. We then have a colony of two [Kilyjjs which 
attached to the base upon which they grow by a common 
root The difference between such an animal and tba 
Ci#teromorphic bioral animal lies in the fact that the latter 
lacks an inherited organ^ the root. In its place a polyp baa 
tl^eo formed 

IIXPEBIMEKTS ON OBOANIZATION IN 0I0NÄ INTESTINALIS 
1, The animals in which I have thus far been able to 
produce beteromorphoses stand low in the animal scale; we 
b«ve dealt only with HydroÄoa. It might bethought that 
tb6«e ** colony-forming" animals are an exception tothegen- 
9iml rale, and that only in them a movement of formative 
mhitatioes can take place in both directions in the sense of 
Sachses theory. Such a view is supported by the fact that 
'^ polarity" is very pronounced in a series of Actiniie, and 
Lhat, in spite of my etTortB, I have not succeeded in bringing 
about beteromorphoiiee in them. Tlie fact that a aolitary 
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Hydroid, Hydra, should conduct itself, so far as known, as 
a strictly "polarized" animal, might render it still more 
probable that heteromorphosis is simply a characteristic of 
"colony-forming" Hydrozoa. To settle this question I made 

experiments upon Ciona in- 
testinalis, a solitary Ascidian. 
The Ascidians, as is well 
known, stand near the verte- 
brates in the animal scale. 

In Fig. 54 is shown in 
almost natural size the ester- 





FIG. 54 FIG. 55 FIG. 5« 

nal form of a Ciona intestinalis, a is the oral opening, 6 
the excretory opening, c the foot, which, like the foot of the 
Hydrozoa, attaches the animal to the surface of solid bodies. 
At the outer edge of both tubes are situated the ocelke» 
which are just visible to the naked eye (Fig. 55). The fol- 
lowing experiments deal with the formation of these ocelli- 
If the animal behaved like a purely "polarized animal," such 
as Cerianthus, then, when a lateral incision cba (Fig. 56) ^ 
made into it, ocellfe should be formed only along the lower 
cut edge be, just as the tentacles are formed only along the 
lower cut edge of Cerianthus. But the opposite occurs i^ 
Ciona. Aftt»r a short time ocella? (indicated by points in the 
drawing) are formed along both edges of the wound (aiand 
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ie)» Thiö occurs no matter whether the oral or the anal tube 
is incised. Fig- 55 illusirates soeh a case; an incision 
wns made^ into the oral tubts a week later ocellm liad 
formed along both edges of the wound. The foot is not 
indicated in the drawing* Ciona inti^stinBlis, there tore, 

»behava^ not so much as Cerianthus, but 
^^d^^ri more like certain Hydroid.s,in which we 
Mm^^ have to assume a movement of formative 
substatice« in two directions» I do not 
think til at anyone will be inclined to 
believe that the general causes underly- 
ing the formation of organs are deter- 
mined by the position which the animal 
occoiaes iti the animal scale, 

^R, I have still to describe what occurs after the ocellse are 

fanned- All tlie elements of the cut etlge begin to grow in 

length, and a new tube springs from the cut edge* The ani- 

Enal of Fig, 65 had assumt^d the form 

ibown in Fig. 57 four weeks later. A new 

third tul>e had been formed at a. This 

:;ootintied to grow in length, and attained 

not only the size of the normal tube, but 

OBnallj became even longer than this,* 
IP several Incisions are made simnlta* 

aecjusly into the same animah i^evernl new 

tubes may W formed at once. The ani- 

nml in Fig* 58 has four sncb tubes* 
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^DL IXTlBPATtOjr A\"l> BEGEN'EBATIOBT OP THE CEKTÄÄL 
H NSBVOUS SYSTEM IK ClUNA INTESTINALIS 

^b« Much more remarkable than that just described is 
^Bther phenomenon of regeneratiou in thL^ animal ^namely^ 

^VV n? . f*. HincAcntii madt* «^xpo^i1ll«nU niioD Clan a InteaiiiiBliH «imila/ tpo tiiosd 
•liirl» J Jmi« deseribiHl, aad alsc» TouiuJ ibal « tbird ml» jj formed when tht BUUitlii 
»frima it idHirHJ. While ill wnjii upon imtx^T vl I oblalticMj hi* fiatiliiibi«^ »ocimini 
*r 1h«*««t «^xpieHiiwiiUi— P, ItnfaJi^^UJfi, B^tUtinö titU^ Sacutä 44 JVol^ttn&ICifl 
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the regeneration of the central nervous system. Scarcely 
another animal is so well adapted to the study of this prob- 
lem as Ciona. The brain of Ciona consists of a snow-white 
ganglion, somewhat larger than the head of a pin, situated 
in the angle d near the surface between the two tubes a and 
6 (Fig. 54). The mantle of Ciona is very transparent, so 
that the ganglion can be removed with certainty with- 
out seriously injuring the other organs of the animal 
The only difficulty encountered in the experiments is that 
the animal contracts when touched, and that the ganglion 
is then no longer visible. I overcame this difficulty in the 
following way: The root of a Ciona which had been kept in 
the aquarium was carefully detached from its base. The ^ 

animal was then quickly removed from the water and laid j 

upon a dark glass plate. As long as the animal was not ^^ 
touched, it remained relaxed. I then brought the tip of a ^^^ 

pair of scissors behind the ganglion, and by a rapid cut sev- . 

ered the connection between the ganglion and the pedal part^^^^ 
of the body. Without removing the scissors, I seized th^^ ^ 
ganglion with forceps, drew it out, and removed it by fe a 
second snip of the scissors. 

The Ascidian usually bears the extirpation of the ganglio^^ n 
well, and after the operation behaves in a way not expect ^^=" d 
from our general conceptions of animal physiology. 

2. The first phenomenon worthy of note is that af^"^^^ 
eortirpaiion of the central nervous sf/stem the reflexes p^^ ^' 
sisi. Since Ciona is a sessile animal, the reactions of t:- ^^® 
uninjured animal to external stimuli are limited to sim^^^^*® 
contraction and stretching out of the body. This contracti ^^^ 
is brought about by a highly developed muscular syst^^^*^^* 
If the aquarium is slightly shaken, the animal contra- <^^ 
quickly, to relax only when everything is again at r^*^^ 
Such a contraction of the whole animal also often folio '^^ 
when it is carefully touched with the point of a needle. ^ 
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he tip of one of the tabes is touched, this only may contract, 
[t is generally believed that when this occiira the exterual 
^iiinulus which brings abcmt a change in the sensory nen^e 
endings is eondncted to the central organ, here to be trans^ 
formed Into a motor impulea which caoses the musclefi to 
x)ntract» These ideas harmonize with the facts. But it is 
ilso generally believed that without the central nervous sys- 
em the reSeses are no longer possible. This idea, as the 
allowing experiments will show, is not true in Ciona intes* 
inalis. Whpn the ganglion has been removed from a Ciona, 
1 at Brst remains fully contracted. After some time, how- 
»Ter, in favorable cases, as early as the next day the animal 
tgain relaxes. If a drop of water is allowed to fall into the 
msLQ of water, the entire Ciona contracts rapidly, just as an 
mimal whose central nervous system is intact. 

If, therefore, a normal Ciona and one without the central 
lervoos system are ke|)t in the same vessel, Ixjth have the 
i&me reflex irritability qualitatively. It is nevertheless pos- 
lible to differentiata clearly between the reaction of the nor- 
tial and the brainless As^cidian- In the kilirr ihr ihrfinh- 
itd uf stimukdion is much higher than in ike former. To 
letennine this I utilized a procedure which I have employed 
n a series of comimrative ex[)eriments on the irritability of 
be lower enimaH and which might be used with advantage 
n bmuan beings. I allow a drop of water to fall fmm a 
lipetle ajK)n the organ to be stimulated, which lies a certain 
Itsiauee (varying according to circumstances) lieneath the 
fnrface of the water. If the same pijietle is always used, 
he weight of the drop is nearly always the same, so that the 
leigfat which the drop must fall just to bring ab>ut a reac- 
imi is a convenient measure of the threshold of stimulation. 
^D whm follows I shall give the height of the fall of a drop 
if water wbieb jüst sufficed to bring about a contraction of 
i'niine Ciona. The normal and the brainless aniintils 
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were kept in the same vessel, and at the same distance 
below the surface of the water. Under a are given the 
height of the fall in normal, under b in brainless, animala 
The figures are given only to show how constant is the differ- 
ence in the threshold of stimulation between the two ani- 
mals; the absolute height of the threshold of stimulation 
cannot be determined from them. 



8 mm. 


65 mm. 


4 


75 


10 


80 




80 



In two other animals I obtained the following values. 
a b 

6 mm. 22 mm. 

8 20 

The temperature was 13° C. 

This difference in irritability may be due to the fact tl^ ^ 
the wave produced by the drop of water stimulates the ukp^ ^ 
nerves or muscles directly, and that the threshold of stimi^ ^ 
tion is higher for these than for the sensory nerve ending"^^^ 

3. It can be shown by a different experiment that anott^ 
path for the conduction of stimuli must exist in the bnt^S- -^ ' 
less animal than in the uninjured, where stimuli no doC^-^^ 
travel over the nerves for the most part. If an incision 
carefully made in the tube of a Ciona whose ganglion fcx^^^ 
been removed, not only the injured portion, but the enfci^^^ 
animal, contracts, just as when the same stimulus is appli^^ 
to an uninjured animal. This also may occur when o*^^ 
point of the oral edge is carefully touched with a needle. ^ 
imagine that in a brainless Ciona the motor nerves or muscl^^ 
lying nearest the point of incision are stimulated mechani- 
cally, that these contract, and that the jarring or pulling 
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ted with this enntractioQ stimulates the neighboring 
fierves or omecleg, thus ca using the latter to contract. In 
this wBj A conduction of stimuli is brought alK>at witboiit the 
pi^aence of a central nen^ous system, the effect of which is 
the same as when a centrol nen^ous system is preseut There 
m 6o little difference between the latent period of stimulation 
ind the time the body rt«uiaiiis contracted after the stimula- 
tion, in the normal and in the brainless animal, that it can- 
not l>e determined by mere observation unaided by special 
ipfjaratua 

What occurs here in the entire animal happens in a lim- 
ited portion of an earthworm when it is cut across trans- 
ire rsely and the two pieces are sewed together. As Bentidikt 
Friedl&nder has shown, both pieces are still able to {>erform 
fio-ordinated movements of locomotion.^ I have re pea teil 
the ex{>erimentd of Friedlander u{>on leeches^ and have 
observed the same neries of phenomena in them* 

Two years ago I made some observations u{K>n a marine 
Planarian, Tliysanozoon brocchii, which are similar in cer- 
tain reii^ects to those u[K>n Cioua, into a discussion of which, 
bmever, I cannot enter here.' 

■ 4* Since I had received the impression that Ciona is helio- 
Hpic, I tried to see whether a Cioiia robbed of its nervuu« 
i^em would alst* react to light by heliotropic bendinga 
The object of my exjieriments was thwarted by an uuwished 
for, but peril«! JS i^^teresting, result* In the counse of four 
ireekd oH the animah (which had not died) hatl regeneraU'il 
[| «IIP brain. I tv\m\UHl the cx|ieriment, because I did 
DOi believe my first regulte. But I can no longer donbl 

™^ tTlw Diirtritil«at voald prcihablj call th« i^itplioii of « Citiim iiit^ilimli« Ui 
BnilCari ila4> coojeqiiifiiG« of a " pftiUnrliTn Iii>titse|/* Thosn ** priitnictifn tti^|iit9t*,** 
m^tmr mm I «an B#f, nr« im id UiCimMUi tu thU* Ihni tti9 «utttinl hna by iialiiral «olc^ 
iM»iEi( artjiilf«<d, ill tho ouuin« of Üw cnHUimMfy millii^a jronn, ent^rtAin fcn^br«! «o^ 
Uitvnc^ »liieb »fn no* Itili^riitHt ffom «uo tfpncr«cu>u Uj niiolbi??. But in iIia cMm 
of CkNM ih<M<«< Ki<r0<litiiry " tUHiincU'^" cjituuil wt^ll In* Uk^aiihI iii «njr i>t>4^Ul pc»niöa 
0l|ft« N^&in* for liier oooiitiut^ to exitt iifl^^r tbt* rv^mritil of tliis urn« a. 
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their correctness. The growth of the new ganglion is fairly 
rapid. Instead of one large ganglion, several small ones 
were formed. For these reasons I have not followed further 
the question as to whether Ciona is at. all heliotropic. Dr. 
P. Mingazziui has also observed the regeneration of the 
brain of Ciona after its removal; hii suggests that the new 
ganglion is formed from the ectoderm, as in the embryo. 

VIII. THE relation BETWEEN REGENERATION AND THE 
CONCENTRATION OP THE SEA-WATER IN TÜBÜLABIA 

1. Now that we have seen that it is possible to alter the 
inherited form of an animal by substituting one organ for 
another, we shall pass to experiments on the general physi- 
ological factors which underlie regeneration and growth in 
animals. These experiments, as the preceding ones, had to 
be made with the simplest experimental accessories, and in 
addition they were not completed when I was compelled to 
leave Naples. Since they can be continued only at the sea- 
shore, I shall here give only those experiments which have 
been carried to a certain degree of completion. 

If the ix)lyp of a Tubularian is amputated, a new polyp 
regenerates. What general physiologt^l conditions must 
be fulfilled in order that this may occur? Since the stem 
begins to grow as soon as the polyp is formed, the second 
question arises: What conditions influence growth? The 
following ex{)eriments are intended to answer these ques- 
tions. 

I shall first show how the absorption of water affects 
regeneration. The reader will know that from the |X)int of 
view gained by a study of osmosis, the living protoplasm of 
plant cells is characterized by its permeability to water and 
its total or partial impermeability to many substances dis- 
solved in the water. There is no reason for believing that 
animal protoplasm behaves any differently in this respect 
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from v€»getable protojJasm, If a Tubukriau etem is trans- 
feiTt*d from pure sea- water to st^a- water that has }jet*n dilated 
by the addition of distillfd water, water must enter tlie cells, 
and these muBt in cjonsequence become more turgid. On 
the other hand, if the Tubularian is placed in sea- water, the 

I oonemi trat ion of which has been raised through evaporation» 
tho fttksorption of water by the animal must fall below the 
aoraial, aud water must finally pasö from the cells into the 
solution. The following ex (leri meats »how how changes in 
the concentration of the sea- water affect regeneration. The 
t^^tuiicTature in all these ex[*t>rimeiit8 vari©d between 12* and 
15** C, and was always the same for the same series of ex- 
(»eriments. Hie number of animals in the individual dishes 
of the same series of experiments was also nearly equal; 

I ©very dish contained 300 c*c* of sea^water* 

2, I distributtHl a large number of fresh, healthy stems 
ol th^ same colouy of Tuliularia into three salt solutions. 
Tlie first of these consisted of sen-wattir to which 33| per 
cent of its volume of distilled water had been added t the 
second, of ordinary sea- water; and the thini, of Bt*a-water 
which had l)een evaixirated to 75 f>er cent, of its» volume. In 
order to have all tlie Bolutiotis exactty alike except in con- 
centnition, the two former were heated to the boiling-point, 
ßltcn*dt and, like the third, shaken for some time in the air. 
After two days nine of the twelve stems in the dilute sea- 
watür had regenerated the polype which they had lost; in 
the normal sea-wat€*r only six of the sixteen stems had 
rtJgencrated ; in the concentrated st*a- water regeneration had 
Dot taken place in a single stem» Hix hours later regeuGra- 
tion WHS cotnplete in all the Tubularians in the dilnte sea- 
water, and on the following day this was also the case in the 
ordinary sea-water. Three days later a change occurred at 
the cut end of oot» of the animals in the cunccntrated salt 
Bolutiun which looked like a beginning of regeneration, but it 
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went no farther. I now divided the concentrated sea- water 
and the animals contained in it between two vessels, and 
added enough distilled water to one of them to restore it to 
the concentration of normal sea-water. After a few days 
all the animals in this vessel regenerated their polype in an 
entirely normal manner, but no regeneration whatsoever 
occurred in the other. I have repeated this experiment sev- 
eral times, always with the same result. While, therefore, 
a great lowering of the concentratio^ of the sea-water (33^ 
per cent.) not only does not inhibit regeneration, but may 
accelerate it, an increase in the concentration to a like 
amount suffices to prevent regeneration altogether, or almost 
entirely, without, however, injuring the power of regenera- 
tion, provided the animal does not remain too long in the 
concentrated solution. 

3. In order to determine the limit of concentration in 
which regeneration is possible, I evaporated normal sea- water 
to 90, 80, 75, 70, 60, and 50 per cent, of its volume. The 
solutions were filtered and shaken for some time in the air. 
Regeneration took place in the first three solutions, but not 
in the last three. Regeneration, however, did not occur 
simultaneously in the first three solutions, but the more 
slowly, the more concentrated the solution. After lying for 
several days in the 70 per cent, solution, the Tubulari» had 
not lost their power of regeneration, but in the stronger 
solutions even this had suffered. When the Tubularinns 
were brought back from the stronger solutions into normal 
sea-water, they no longer formed polyps. The tissues of 
the stem were shrunken and often separated from the peri- 
derm. U{)on the other hand, when I added as much as 50 
per cent, of distilled water to ordinary sea-water, a distinct 
inhibition of the process of regeneration could not once be 
noted; only upon the addition of 100 per cent, of distilled 
water did regeneration cease. If still more distilled water 
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about '200 per cent., is added to the sea-water, a remarkable 
plieiiomenon occurs: large pieces of protoplasm escape 
from the Tubalarias without losing their form. They are 
surrounded by a transparent membrane which is formed per- 
haps through their contact with the sea-water. I saw a 
piece 1-2 cm. long escape from a Tubularian in this way. 

4. That an increased absorption of water by the tissues 
favors regeneration when it does not exceed a slight amount; 
labile a greater absorption is harmful, might seem contradic- 
tory. But it is an entirely general and well-known fact that 
^when water enters cells in too large quantities it acts as a 
poison. Hoppe-Seyler, for instance, attributes the death of 
£rozen plants which are thawed out too rapidly to the fact 
"that **in freezing, the water separates to a large extent from 
l;he solids and collects in crystals. When thawed out rap- 
idly, the particles of solid matter lying nearest these crystals 
«re flooded with water.'" 

5. The pieces regenerating in the highly dilute solutions 
often show changes which indicate the great turgidity of 
the tissues, in consequence of the abnormally great absorp- 
taon of water. Before the polyp is formed, globular excres- 
oences appear at the cut ends, and the new polyps are thicker 
cind much more nearly globular than the normal polyps. 
The opposite phenomena are noted in the strongly concen- 
trated salt solutions, in which polyps remain exceedingly 
amall. 

6. In conclusion I wish to give a few figures on the rela- 
tion between regeneration and the absorption of water. In 
order not to repeat what has already been said, I shall take the 
figures from experiments in which the concentration of 
the sea-water was increased by the addition of sodium 
chloride, or decreased by the addition of fresh water {Serhw 
vxUer). According to Forchhammer, the amount of salt 

1 Hoppb49bt|.BB, PkynologUche Chemie (Berlin, 1877), p. 30. 
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contained in the sea-water taken from the ocean in the 
vicinity of Naples is about 3.8 per cent, of which about 3 
per cent, is sodium chloride.* The following table shows 
how with an increase in the amount of NaCl regeneration is 
inhibited more and more, and finally prevented altogether. 
The figures in the first horizontal line of the table indicate 
how many grams of NaCl were added to each 100 c.c. of 
sea- water. In the first vertical line are indicated the num- 
ber of days that have elapsed since the introduction of the 
TubularisD into the solutions. In the horizontal lines after 
each date are given the number of polyps regenerated up to 
that date. The stems were all taken from the same colony, 
and each solution contained twelve stems. 

TABLE I 



Date 


Normal 
Sea-Water 


0.6 gr. 
NaCl 


lOff. 
NaCl 


1.8«. 
NaCl 


1.6 g. 
NaCi 


Second dav 


4 
10 
10 
12 
12 


1 
2 
8 

10 
11 





5 
5 



Ü 

1 


n 


Third day 






Fourth dav 


Fifth day 


Sixth dav 


1 '^ 









In order not to make the table too long, I will add that 
no regeneration whatsoever occurred in the most concentrated 
of these solutions — that in which 1.6 g. of sodium chloride 
had been added to each 100 o.e. of sea-water. The retardation 
of regeneration was well marked, even when only 1 per c^nt. 
NaCl was added to the sea-water, and even in such a solu- 
tion not all the animals regenerated. The repetition of these 
exi)eriment8 yielded the same results. 

The concentration in which no regeneration occurs is 
therefore reached when 1.0 g. of NaCl is added to 100 c.c. of 
sea-water. This value corresi)onds to a concentration obtained 
by evaporating lUO c.c. of sea-water to G9 c.c, if the entire 

I Roth, AUuemvine uni ("fumiache Geologie, Vol. I, p. 524. 
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amount of salt contained in the sea- water is counted as NaCl. 
Our previous experiments had, indeed, shown that the con- 
centration limit for regeneration in Tubular ise is reached 
when 100 c.c. of sea- water is evaporated to 70 c.c. 

The second table gives the results of an experiment which 
shows the difference between the effect of increasing and 
decreasing the concentration of the sea-water. Each solu- 
tion contained six animals. The percentages indicate the 
volume of normal sea-water, + indicating an increase, — 
indicating a decrease, in the amount of water contained in it. 
The figures indicate the percentage by which the original 
volume has been increased or decreased. 

TABLE u 



Data 


-28% 


-21% 


-»% 


Normal 
Sea-W't'r 


+eo% 


-\-^% 


+70% 


+100% 


Third day 

Fourth day 

Fifth day 





1 

5 
6 


2 
6 
6 


4 
6 
6 


4 
6 
6 


1 
6 
6 




5 
6 



4 
6 



I continued my observations for two weeks, but no regen- 
eration occurred in the most concentrated of these solutions 
( — 26 per cent.) beyond the three animals mentioned in the 
table. 

7. The facts of this chapter may be shortly summed up 
in this: an absorption of water is essential to regeneration in 
Tubularia (and probably all animals). If the absorption of 
water is limited by keeping Tubularia in concentrated sea- 
water, regeneration is retarded, and finally completely inhib- 
ited, by even a slight increase in the concentration. Regen- 
eration is, however, not only not retarded but, if anything, 
accelerated, if the Tubularians are put into diluted sea-water. 
Only when the dilution exceeds a certain limit and the 
tissues are flooded with water a retardation of the regenera- 
tion occurs. While a decrease of 30 j)er cent, in the orginal 
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volume of water contained in ordinary sea-water renders 
regeneration impossible, the same e£Pect is not obtained until 
125 per cent, of fresh water has been added. 

IX. THE RELATION BETWEEN LONGITUDINAL GROWTH AND THE 
CONCENTRATION OF THE SEA-WATER IN TUBULABIA 

1. One searches modem text-books of physiology in vain 
for a chapter on gi'owth; it scarcely exists even by title. 
So far as I have been able to judge from the literature, 
observations on the physiological conditions necessary for 
growth in animals have been exceedingly few. I will give 
here what I have been able to find. 

The oldest observations on the growth of animals are 
probably made by Bonnet, who was encouraged to do so 
through Hales^s work.^ Bonnet measured the growth of 
worms. The choice of material for these experiments was 
unfortunate, as the length of these animals is subject to 
great variations because of the contractions of the body. 
Bonnet measured with calipers "la plus grande longueur du 
ver," and made these values the basis of his conclusions. 
He cut a worm into two, a second into four, a third into 
eight parts, etc., and tried to see whether the growth of the 
parts differed. His measurements showed "qu'il n'y a pas 
de difference considerable entre le progrto que font dans le 
m6me temps des moiti^s et des quarts et ceux de huiti^mes 
et de dixiömes" (p. 214); and further, "que la demi^re 
portion est celle de toutes qui, en temps 6gal, prend le moins 
d'accroissement, et aprös eile, Celles qui la pr6cMent immö- 
diatement." It seems strange that the work of Bonnet stimu- 
lated no one to rei)eat his experiments upon more suitable 
material and with a better guarantee of accuracy. 

So far as I can determine, further experiments on the 
conditions for the longitudinal growth of animals have been 

1 Charles Bonnet, (Euvres d 'histoire naturelle et de pkiioeopkie, VoL I, **Tniti 

d'insectologie " (NeuchAtoI, 1779). p. 193. 
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made only by Semj>er.' Seinj>er started with the idea ex- 
pressed by Ö* Speticer in his Prinnples of Biohgi/: "All 
who have bad ejcijerienee in fishing in the Highland loehs 
know that where the troni are numerous they are small, and 
where they are comparatively large they are comparatively 
few/^ Semjx^r ßtudied the effect of the quantity of water 
ti{K>n the lougitudinal growth of Lymnaeus stagualia. Elodea 
canadensiß furnished in abundance served as food. The 
stiff sheik of the Lymnaei allowed an accurate meaßiirement 
of the amount of growth* Hemper found that when the 
f(HKl was eipially overabundant the Lynmat'i grew the more 
jrapidly. within certain limitB, the greater the amount of water 
in whirh they were contained« With an increase in the volume 
of water from 100 c,e. to 500 c.c. the longitudinal growth 
increased rapidly. A« soon as the volume of water amounted 
f.to 5»(M)0 e.c*t a further increase had no effect ui^on growth. 
After atxty-five days in one experiment, a shell 

in 100 ex. of water was 6 mm. long 

in 250 ' " 9 " *' 

la Ö00 " " " ** 12 ^ *' 
in 2,000 " " *' ** 18 " 

Bemper IB inclineil to believe that the dependence of the 
l^nwth upon the amount of water present is attributable to 
the [rresence of a substance in the water ** without which the 
other conditions for growth, e%'en when present, can have no 
effect upon growth/' In his book on The Conditio fin of tkt^ 
JC^iitienpe of Anifmilß^ he describes further exix^rimen ts in 
Ibi^ diroction: 

The Mil is In the water, the presse oce of which can be demon* 
itcd chemically, canuot l>o the caust* of the s^tunted dt^velopmetit. 
Willi Ih» friendly aid of a chemist, Profet^^^r Hilger of Erkngen, 
I nifiMtod my oxperimcatM with disiilk^l water, or viiih water tn 

tC BMW, **ü«bnr elf« Wiieh«tiini«bifdiiigtttu?Q(i d''^ LjmnHouf «tacnalW* 
vHm^mgttfm MtMtL toofrai*, tft^tttui in Warttmrv, VoL I ^WaKbiir«, lAtlK v* l^ti 
I i>i€ maimrßtise^n KrUßtmäbtäin^ngen 4tr Thtert, Purl I (Loipxitf, IfsmK p* tU&. 



230 Studies in General Physiology 

which the substances contained naturally (calcium carbonate^ 
magnesium sulphate, etc.) were present to the point of saturation. 
The course of the experiments always showed that the salts con- 
tained in the water, and the presence of which had been demon- 
strated chemically had no particular effect. 

In spite of this, Semper concludes 

that some substance must be present in the water, probably in 
exceedingly small amoimts, which, through its solution in the water, 
and its osmotic behavior toward the skin of the animal, is absorbed 
by the latter in definite, though perhaps small, amounts. 

It seems to me that an important factor has not been 
recognized in these experiments. An excess of food (Elodea 
canadensis) was probably present in all the dishes, but it 
was not observed whether ail the animals ate the same 
amounts — a factor upon which the results depend altogether. 
When I was raising butterflies I noticed how readily young 
caterpillars lose their appetites (especially immediately after 
hatching). In such cases the growth of the caterpillars of 
the same brood varies according to the amount of food they 
take up. It is quite possible that, if this point is taken into 
consideration, the exj)eriments of Semper find a simple 
explanation. 

I undertook my own experiments on growth to determine, 
first of ail, whether the mechanics of growth is the same in 
animals as in plants. In plants it is believed that water 
enters the cells osmotically, that the cell-walls are stretched 
in consequence, and that through further changes this 
stretching of the cell-walls becomes permanent, and remains 
even when the intra-cellular pressure has again fallen oflF. 
If th(» water furnished a plant is decidedly reduced, longi- 
tudinal growth is diminished and finally stopped entirely. 
I have described an ex|)erimont in the preceding volume on 
ex{)erim(Mital morphology which shows that those parts of 
the animal which have lost their turgidity are just as little 
, able to grow as wilted plants. 
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transversely in a Cerianthus membranaceus fairly near 
the oral pole, the tentacles T^ situated above the incision 
collapse like the wilted portions of the plant. When I made 
such a transverse incision in a Cerianthus the tentacles of 
which were growing actively, the tentacles 
above the incision ceased to grow, while the 
remaining tentacles went on.* Cerianthus, 
however, could not be used for a detailed 
study of the dependence of animal growth 
upon cell turgor. Longitudinal growth can- 
not be measured accurately in contractile 
animals. Moreover, in the experiment on 
Cerianthus described above the amount of 
water absorbed by the organs cannot well 
be controlled experimentally. And, finally, 
the growth of Cerianthus is relatively slow. 
I therefore chose a more suitable animal upon 
which to experiment, namely Tubularia, and 
a different method of varying the amount of 
water absorbed — the osmotic. I am obliged to Dr. Wort- 
mann for calling my attention to the plasmolytic experiments 
of de Vries. 

The stem of Tubularia is surrounded by a rigid periderm, 
and an increase in length can be measured as accurately in 
this animal as in the rigid stem of a plant. 1 changed the 
concentration of the sea-water through the addition of sodium 
chloride or fresh water. The temperature was always the 
same for all the animals in the same series of experiments ; 
the amount of liquid in each vessel was always BOO c.c; and 
the number of animals in each vessel was also nearly always 
the same. 

2. As is well known, Tubularia grows in length only when 

iSee " Heteromorphosis," Part I, p. 155, 
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a polyp is present ; or, what is perhaps more correct, Tubu^ 
laria grows in length periodically at its oral endj every 
period beginning with the formation of a new polyp^ and 
ending when this organ drops off. It is therefore necessary 
that all the animals of a series of experiments which are to 
be compared with each other should be in the same phase of 
growth. Since this does not necessarily occur naturally, I 
cut o£F the polyps of all of the animals when a series of 
experiments was started. In all these then began a new 
period of growth, in which a polyp was first formed, and 
after which the stem grew in length (the growing part of a 
stem being situated close behind the tip of the polyp). 
I waited until the polyps had dropped o£P in all the speci- 
mens, and then I knew that the period of growth was at an 
end. I then compared the longitudinal growth in the indi- 
vidual specimens which had been subject to different condi- 
tions. Since growth always occurs with the formation of a 
new polyp, it follows, without further comment, that the 
concentration limits for the regeneration of the polyps are 
also the concentration limits for the growth of the Tubularian 
stem. 

3. I cut pieces having about the same length and thick- 
ness from the stems of a large number of individuals and 
distributed them equally into various dishes containing sea- 
water of diflFerent concentrations. Every vessel contained 
seven to nine animals. After eight days, in which time they 
had formed new jx^lyps and grown vigorously, the Tnbu- 
larians were removed and the amount of new growth was 
measured. The following table shows the increase in the 
linear growth of the individual Tubularians. The figures of 
the first horizontal line show the amount of salt, in per cent, 
contained in the diflFerent solutions used ; in the vertical line 
under each of these figures is given the increase in the len^b 
of the individual Tubularians. 
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TABLE lU 
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5.U 


4.W 


i.4sl 


4.U 


(Normal 

Sea-Wat» 


S.2X 


2.U 


l.M 


l.(» 


i.a» 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


1 


2 


S 


11 


10 


IS 


19 
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1 
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0.5 








1 


S.5 
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1.1 


S.2 


3.8 


4.4 


6 


10.6 


4.4 


0.3 






We obtain a better view of these results when we present 
them graphically. In the curve shown in Fig. 60 of the text 
the different amounts of salt contained in each 100 c.c. of the 




various solutions are represented on the axis of abscissas, 
the increase in the length of the animals on the ordinates. 
We see that the growth is nil in a 1.3 per cent salt solution; 
that it is just perceptible in a 1.6 per cent, solution; that it 
increases very rapidly with an increase in the concentration, 
attaining a maximum in a 2.5 per cent, solution, and then 
decreases slowly with a further increase in the concentration. 
JIaximal linear growth does not occur in ordinary sea-xratt^ry 
but in markedly diluted sea-water. The meaning of the 
curve is very simple: the cells of Tubularia must be turgid 
in order to grow, and this is possible only as long as the 
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concentration of the solution in which they are contained 
does not exceed a certain limit; this limit is attained when 
1.6 g. of NaCl is added to 100 c.c. of sea-water — when the 
solution contains 5.4 per cent. salt. As the concentration 
decreases, the Tubularian stem must absorb more and more 
water from the solution, and we therefore find linear growth 
to increase with a decrease in the amount of salt in the sola- 
tion, until the limit is reached where the poisonous effects 
of the large amount of water show themselves. From this 
point on a further increase in the amount of water contained 
in the animal must cause growth to fall rapidly to zera 
This accounts for the rapid fall in the curve between the 
values 1.9 and 2.5 of the abscissa. 

A second experiment, performed under entirely similar 
conditions, yielded the same result as the above. This 
is shown by Table IV. 

TABLE IV 

Amonnt of Salt ATorase Orowth 

in the Solution in Nine Days 

5.U 0.5 mm. 

4.8 4 

4.4 7 

4.1 12 

3.8 (normal sea-water) - - - 12.6 

3.2 14.3 

2.2 15 

1.9 10.5 

As in the preceding experiment, linear growth increases 
in this case also with a decrease in the concentration, attain- 
ing a maximum^ not in ordinary sea-water but in a more 
dilute salt solution about 2.2 per cent. Beyond this point 
growtli falls rapidly. In other exi)eriments also — which, 
however, I omit hero because I failed to measure the in- 
crease in the length of all the specimens, and therefore cannot 
tabulate tliom — I was able to show that the relation be- 
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tveen growth and the AEuouut of water in the solution was in 
all points essentially the same as cle tailed here. We found in 
a preceding chapter that the pcilyp is regenerated later in a 
verj highly coaceutrated or a very dilute Bolntion than in a 
aolatiuu the cxincentration of which lies bc^t ween these two 
ei^tremes. We have therefore to determine in how far this 
cireumst^nce t^omjiels us to make corrections in the ex|*eri- 
mjentnl results given aliove. Between th© concentrations 
4*4—2.5 i>er cent the difference in time between the forma- 
tion of polyps in the different concentrations is so slight 
that they need not be considered. So far as the very con- 
centrated solutions, 5,1 and 4,6 per cent.« are concerned, I 
have made exjieriments which I have continued for weeks 
and months, and have fonnd that the absolute increase in 
length during this time is practically zero, even though the 
animals formed new p>ly|»s re[>eatedly during this time. 

4. I have not made any measurements on the increase in 
the thickneea of Tubularia. Yet the effect of the concen- 
tration of the salt solution upon the diameter of the newly 
iotmed Biem was very apparent even without measurementa 
Tbe new Bteins forme<l in the more concentrate<l solutiona 
Tboee in which about 1 g. of NaCl had been added to each 
l(M)c.c, of sea-water were markedly thinner than the oldonea 
«hirh had been grown in onlinary sea-water. On the other 
band, in the diluted sea- water the thicknes« of the newstema 
was not only not less than that of the old stems, but even 

5. With an Increase in the concentration of a salt solu- 
tion the amonnt of oxygen diasolved in it decreases, and, as 
we shall see Ihtst that this is an imj>ortant factor in regenera- 
tion ami growth, we must dett?rminc whether differences in 
croncen trat ion iutluence the gruwthofTnhalari nth rough their 
effcoct upon the am<mni of oxygen dissolved in the s^lutiotis 
and* if 90, bow much. The one direct measurement of the 
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relation between the amonnt of oxygen dissolved in a Bodimn- 
cbloride solution and its concentration that I have been able 
to find in the literature is the following: According to the 
experiments of Fernet* if I understand the term "titre de 
solution" correctly, the absorption coefficient 

of a 5.42 per cent. NaCl solution at le** C. = 0.Q284 
of a 0.72 per cent. NaQ solution at 14.1" C. = 0.0293. 

The corresponding coefficients for distilled water are accord- 
ing to Bunsen' 0.02949 and 0.03030. The effect of con- 
centration upon gas absorption is therefore so slight that 
it may be neglected in our experiments. Since data such as 
these are but few in number, I wish to add a few on the ab- 
sorption of carbon dioxide. 

Professor Zuntz, who brought Femet's work to my notice, 
was so kind as to inform me that, according to his experi- 
ments, a saturated NaCl solution absorbs about one-third as 
much CO, as distilled water. The figures of Fernet about 
correspond with these. According to this author, the ab- 
sorption coefficient of CO, 

in a 6.25 per cent. NaCl solution at 11.2^ a = 09335, 
in distilled water (according to Bunsen) at 11" C. = 1.1336, differ- 
ence =0.2001; 
in a 2.22 per cent, NaCl solution at 14.P C. =0.9463, 
in distilled water (according to Bunsen) at 14,1" C. = 1.0291; differ- 
ence -00828; 
in a 0.83 per cent. NaCl solution at 16^ C. =0.9591, 
in distilled water (according to Bunsen) at 16" C. = 0.9763; differ- 
ence = 0.0162. 

The decrease in the absorption coefficient of CO, with an 
increase in the concentration of the NaCl solution from to 
6 per cent, is about 0.2. This decrease about corresponds 
with that caused by an increase in the temperature from 10 

I Fernet, Annalctt den science» nnturellc», 4th Series, ** Zooloffie,*' Vol. Vm 
(1H57). S4H> also Zuntz, " BlutKaso und resp. Qaswechsel/* HxBllANN*8 Handbmd^ 
der Phyniolofjie, Vol. IV. 

8 HcNSEN, OasonictrUche Methoden^ 2d ed., 1877. 
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to 1() C. Now, I have found that a rise of temperature of 
from 10 to 16° not only does not diminisb growth, but in- 
creases it, in spite of the fact that the TubnlarisB need more 
oxygen when the temperature is raised. It can therefore 
not be assumed that a decrease in the amount of oxygen 
contained in the sea-water brought about by the addition of 
sodium chloride in varying amounts up to 1.6 g. to each 
100 C.C. of water determines the decrease in linear growth. 
Professor Zuntz, to whom I appealed in the absence of more 
extensive experiments on the effect of concentration upon 
gas absorption, does not believe that so slight a diflPerence in 
the amount of dissolved oxygen as was observed in the solu- 
tions employed in these experiments need be considered in 
my results, since animals get along well in summer, when the 
temperature is high and the demand for oxygen is corre- 
spondingly increased. 

X. SOME BEMABKS ON THE EXPERIMENTS OF SOHMANJIEWITSGH 

1. The proof which has been given in the preceding 
chapter that, with changes in the amount of water absorbed, 
the growth of animals is changed in the s€mie way as the 
growths of plants, enables us, I believe, to give a physical 
explanation of some of the wonderful experimental results 
obtained by Schmankewitsch in the artificial conversion of 
the genera Artemia mülhausenii, salina, and Branchipus.^ 

In 1871, during a flood, 

the dam which separates the less salty water of the upper part of 
the Kujalnik Liman from the lower part, which is filled with salt 
precipitated from its own waters, broke through, diluting the 
water of the lower part to 8** Beaumö, and causing a large number 
of Artemia salina to appear in it, which had evidently been brought 
down from the upper part of the Kujalnik and the salt-water pools 
in its vicinity. In the course of the following year the concentra- 

IW. J. SCSMANKEWITSCH, Zeitschrift für wissenschaftliche Zoologie^ Vol. XXV, 
Supplement (1875); ibid,. Vol. XXIX (1887). 
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tion of the water slowly roee to 25*' Beaum6, after which the salt 
again began to be precipitated.' 

In the course of this time progressive changes occurred in 
Artemia salina, so that the Artemia present in the year 1874 
had the characteristics of the species A. mülhauseniL These 
changes in detail are the following: (1) The adult nnim«lfl 
of A. mülhausenii are not so large as the adult animals of 
A. salina. (2) Artemia salina has caudal bristles and caudal 
appendages, which are lacking in Artemia mülhausenii ; as 
the concentration of the salt water increased, the caudal 
bristles became progressively smaller. (3) The surface of 
the. gills is longer and narrower in Artemia salina than in 
Artemia mülhausenii. Ludwig (in Leunis's Synopsis) gives 
only the first two points. According to this author, the 
length of A. mülhausenii is 6-8 mm. ; that of Artemia salina, 
8-10 mm. Schmankewitsch was able to convert A. salina 
into A. mülhausenii by increasing the amount of salt in the 
aquarium. 

2. By growing Artemia in salt water that was gradually 
diluted, Schmankewitsch obtained a variety having the 
characteristics of the genus Branchipus Schaeflf. The differ- 
ences are very slight. Artemia has eight, Branchipus nine, 
footless terminal segments ; and, what is of importance to us, 
Branchipus ferox attains a greater length, the less concen- 
trated the salt water in which it lives. 

il. If we do not allow ourselves to be influenced by the 
nomenclature of the systematist, the experiments and obser- 
vations of Schmankewitsch show fhat the effect of the con- 
centrafion of the salt shows itself most distinctly in the 
longitudinal growth of the entire animal and of some of its 
organs; and this alwatjs in such a way that with an increase 
in the conrentration of the solution the longitudinal growth 

1 lioaum<'«'s hydrometer is graduated, according to Wülloer, so that the point to 
which it sinks in water is marked 0; that to which it siak.s in a sjlution of fifteen 
p »rt-> nf so;lium chloride and S5 parts of water. 15. Water of 8" Beaum6 therefor« 
contain^ alxmt 9 per cent, salt ; that of 25 Boaum6, about 23 per cent. 
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4)/ ihc ciitive (inimal or fhc imliridual orydfis is (Iccrcdscd. 
The result is therefore similar to that obtained in the pre- 
^ious experiments; wherefore I believe that the influence of 
<5oiicentration upon the conversion of the genera Artemia 
xnto Branchipus is to a large extent nothing but an expression 
of the dependence of animal growth upon the absorption of 
"water. Schmankewitsch also mentions that in the same 
length of time the animals in the dilute salt solution 
^Branchipus) grow more rapidly than those in the concen- 
trated salt solution (Artemia): "At the same temperature, 
*he growth of specimens of Artemia salina in highly concen- 
trated sea water is less than a third as great as the growth 
of Branchipus ferox in the less concentrated sea water." But 
^hat we are, indeed, justified in this case in substituting for 
^he conceptions of '* adaptation" and "change of species" 

toward which Schmankewitsch takes a more critical view 

^han most Darwinians — the osmotic dependence of longitu- 
ciinal growth upon the concentration of the salt solution, is 
vrell shown by a fact, which is especially emphasized by 
Schmankewitsch, that the "change" persists in the suc- 
ceeding generations only as long as the animals remain in 
the sea-water of the altered concentration — as should be the 
case if we are dealing merely with osmotic eflFects during the 
period of growth. Since not only the absorption of water, 
but also the secretion of water, must be considered in such 
experiments as have been detailed here, it is to be expected 
that the growth of all animals and all organs is not affected 
to the same extent by changes in the concentration of the 
salt solution. 

4. Schmankewitsch interprets the effect of the concentra- 
tion of the salt solution upon changes in the characteristics 
of the animals in a different way ; he attributes it solely to 
the fact that with the increase in the concentration the 
amount of air dissolved in the salt solution is decreased, and 
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its specific gravity increased. He seems to have overlooked 
the osmotic effects. The following indicates Schmanke> 
witsch's (physiologically untenable) conception of the effect of 
the air dissolved in the salt water: "If the salt water is not 
dilated very gradually, the specimens of Artemia salina die 
of exhaustion, attributable probably to the increase of oxida- 
tions due to the greater amount of air in the more dilated 
sea- water." In this case we probably have to do with the 
fact that in the rapid dilution of the salt water the proto- 
plasm of the cells of Artemia is suddenly flooded with water;' 
it is an effect similar to that brought about by rapidly thawing 
out frozen organs. I will not deny, of course, that the 
decrease in the amount of oxygen dissolved in a salt solution 
can also inhibit growth when it exceeds a certain limit. This 
is shown very clearly by the following experiments. 

XI. THE NECESSITY OP OXYGEN IN BEGENEBATION 

When sea- water was boiled, and Tubularian stems intro- 
duced into it after it had cooled, no regeneration of polyps 
occurred ; if, however, I shook the boiled water for a time 
thoroughly with air, regeneration followed. Water there- 
fore must contain a certain minimal concentration of oxygen 
in order to render regeneration possible. 

But it can also be shown that the end of a Tubularian 
which is to regenerate must be surrounded by water contain- 
ing a definite amount of oxygen, and that it is not sufficient 
to have merely the remaining portions of the Tubalaria 
taking up oxygen. The bottom of an aquarium was covered 
with fine sand. I set glass tubes 5 cm. long and 3-4 mm. in 
diameter vertically in the sand. The upper end of the tube 
(Fig. 01) was drawn to a point a, which was just suf- 
ficiently fine to allow the stem of a Tubularian to pass 

1 Rocent cx|)eriments which I have made ix)int to the possibility that the rapid 
difTusion of salts from the animal when it is brought ioto more dilute solutioa« 
is, in some animals, the cause of death. [1903J 
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through. I inserted into the tube a Tubularian from which I 
had previously cut oflF the root and polyp, so that thc^ one 
end b was in the tube and the other end c was freely sur- 
rounded by water in the aquarium. A polyp was formed 
nearly always upon the free end c, but only exceptionally 
upon the end 6 in the tube. The oxygen dis- 
solved in the water within the glass tube did 
not suffice to render regeneration possible at 
the end 6. 

That regeneration only was inhibited, while 
the power of regeneration was preserved, is 
evidenced by the fact that if, after not too 
long a time, I brought the end b back into 
fresh sea-water, regeneration occurred. 

This also explains some of the facts mentioned 
in i>aper iv (Part I, pp. 123 and 124). I 
mentioned that when one end of a Tubularian 
is fixed in the sand, or in a narrow cleft between 
two slides, no regeneration occurs at this end 
(even though death does not occur — at least for some time). 
At that time I was inclined to attribute the result to mechan- 
ical factors (pressure), but I believe now that we were prob- 
ably dealing with lack of oxygen. 

When I suspended TubularisD in the aquarium in such a 
-way that the one end was very close to the surface of the 
Band, but did not touch it, and arranged my apparatus so 
t Iiat only a small current of water entered the surface of the 
aquarium, and kept the whole free from movement, no 
regeneration followed at this end. The cause for this is as 
above. According to Jacobsen, the layer of water just above 
the mud bottom of the ocean is poor in oxygen.' 

It may be that a movement of protoplasm toward the end 
of a stem is possible only when this cut end is contained in 

I Jacobhen. Annalen der Chemie und Pharmazie. Vol. CLXVIl (1873). 
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water which is rich in oxygen ; in other words, that we are 
dealing with a case of "chemotropism." 

XII. THE RELATION OP REGENERATION AND GROWTH IN 
TÜBÜLARIA TO SOME OF THE INORGANIC SUBSTANCES 
CONTAINED IN THE SEA-WATER, ESPECIALLY POTASSIUM 

1. The salts dissolved in sea- water may be of importance in 
regeneration and growth, not only through their osmotic 
eflfect, but also through their eflfect upon the metabolism of 
Tubularians. We have already become acquainted with 
their osmotic eflfect upon regeneration and growth. We will 
now investigate whether any of the substances dissolved in 
sea- water are indispensable for regeneration and growth in 
Tubularia. In the following experiments the weight of the 
salts always refers to the dry salt after the water of crystal- 
lization has been removed. One thousand parts of sea- 
water, according to the analysis of Forchheimer, contain the 
following inorganic substances: 

Sodium chloride 30.292 

Potassium chloride 0.779 

Magnesium chloride 3.240 

Calcium sulphate 1.605 

Magnesium sulphate 2.638 

Silicates, calcium phosphates, and residue - 0.080 

2. I added 11.3 g. of NaCl to 300c.c. of fresh water (Serino 
water) and the same amount to 300 c.c. of distilled water. 
The distilled water was thoroughly shaken in the air after the 
addition of the salt. The amount of salt in each of the 
solutions about equals that contained in ordinary sea- water. 
But while the Tubularians in a control dish of 300 c.c. of 
normal sea- water regenerated rapidly, no regeneration 
occurred in the animals of the same colony which were put 
into the pure NaCl solutions. 

I now tried 300 c.c. of each of the following solutions: 
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I II III 

3.3 g. NaCl 3.3 g. NaCl 1.6 g. NaCl 

100 C.C. fresh water 0.03 g. KCl 1.6 g. MgSO* 

100 C.C. fresh water 0.03 KCl 

100 c.c. fresh water 
No regeneration whatsoever occurred in the first solation; 
small and not entirely normal polyps formed in the second, 
bnt no growth occurred; normal regeneration and growth 
occurred in the third solution. 

3. It might be possible from these experiments that the 
MgSO^ is -essential for regeneration and growth, while KCl 
is only secondary. I therefore experimented with the follow- 
ing solutions : 

^ I II 

2^ g. NaCl 2.3 g. NaCl 

1.0g.MgSO4 Ig.MgSO, 

100 C.C. fresh water 0.03 g. KCl 

100 cx5 sea-water 
No regeneration whatsoever occurred in the first solution; 
but regeneration and growth were normal in the second. 
After six days I divided the first solution and the animals 
contained in it into two vessels, adding 0.05 g. of KCl to 
one of them, while I left the other unaltered. The animals 
contained in the dish to which I had subsequently added 
the KCl regenerated and grew in a normal way, while not 
even a suggestion of regeneration was apparent in the other. 
The presence of potassium in sea-water is therefore neces» 
sary for regeneration, 

4. It had still to be decided which constituent of MgSOi 
is essential for regeneration in Tubularia. I substituted 
NbjSOi for MgS04, and experimented with 800 c.c. of each 
of the following solutions : 

I II 

2.5 g. NaCl 2.5 g. NaCl 

0.8 g. Na 2 SO 4 0.8 g. Na 2 SO i 

100 CO. fresh water O.as g. KCl 

100 c.c. fresh water 
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No regeneration whatsoever occurred in the first solution; 
in the second small abnormally formed polyps with tiny 
tentacles, which soon dropped oflF, developed. No growth 
occurred. 

5. Whether other substances can be substituted for NaCl 
I was not able to investigate at this time. If we omit this salt 
from our conclusions, our experiments show that a small 
amount of potassium must be contained in solution if the 
polyps are to regenerate, but that for the formation of normal 
polyps and for normal growth magnesium is also required. 
Besides NaCl (for which substitutes may perhaps be found). 
these two substances suffice for regeneration and growth in 
Tubularia.' In only one respect did the parts regenerated in 
my artificial solutions diflfer from those obtained in normal sea- 
water — the periderm of the former remained soft, while that 
of the latter became hard. The importance of potassium 
in the formation of cells has been emphasized by Hoppe- 
Seyler : 

Even though definite compounds of potassium with oi^^anic 
substances which might be considered essential to life-processes 
are unknown, the presence, without exception, of potassium in all 
organisms from the lowest to the highest compels us to assume that 
compounds of this metal play a necessary role in all general devel- 
opmental processes. The organs of the invertebrates also always 
contain i>ot<issium, and those parts of plants contain the greatest 
amount of potassium which have the greatest developmental pow- 
ers. The power of organisms to separate from and retain the 
potassium of the liquids which nourish them is shown especially 
well by the fact that fresh-water streams and lakes and sea-water 
contain only very small amounts of potassium beside much larger 
amounts of sodium, calcium, and magnesium, yet organisms grow- 
ing in them contain much potassium, which they have been able to 
colUH:-t only from these waters which are so jxwr in potassium, and 
from nowhere else.- 

1 Thin i>i not correct. Th(> Serino water contains Ca which is also nece^^ary for 

rejffiK'ratiou. ( lHOt'iJ 

2 rhy»ioltnfmcht Chetnit, p. 61. 



XIII, PURTHEB OBSEBVATIONB ON THE EFFECT OF DIFFERENT 
SALT)?; Lt*ON BEGENERATIüK AND GBOWTU IN TLBULARIA 

1, According to Hoppe-Seyler, [iotassiiim has a jxiisonous 
effect tipon higher animalB when mtroduced in too large 
amounts into' the food* I have already shown that after the 
addition of 1.3 per cent. NaCl to sea water, regeneration id 
still possible, but not growth. With this as a startiiig-|>oint, 
I mFestigated whether regeneration is still [xjssible after the 
addition of 0J\ g., 1,0 g„ IM g., ami l.tJ g. of KCl to each 100 
ex. of ordinary sea- water. An o[>aque precipitate was imme- 
diately formed at both cut ends when I introduced Tubn- 
111 nan stems into the two m<>st concentrated of these öulntions. 
In not one of tbeni did regeneration occur. After eight 

[ ditys I returned a number of these animals which had been 
in th© potassium -chloride etjlutions to normal sea* water, in 
order to determine whether they were deail^ or whether 
regeneration had only l>een inhibited in them. The animala 
retomod from th« 0,ti per cent, and 1,0 per cent, KCl scjIu- 
liunfi to normal sea- water regenerated and grew in this; the 
remainder, linwever, were dead, 

I now added to each 100 c.c, of sea- water O.lGg. and 
0.33 g* of KCl* In the weaker of tUest* aulutiuus all the aui- 
tuak regenerated, hut much more slowly than the control 
animald of the same colony kept in urdinary sea- water. In 
tbeaecond solution only four of the nine animab regenerated, 

lOrowtli was also much ilimiin4;lRHL While luugitudinal 
growth in the animals ke|>t in the noruml sea-water amounted 
tu U mm* ujMjn the average, it amounted to only 1 mm. in 
tlie »ma time and at the same temi^eratur^ after the addition 
0C OJO i»er cent KCb No measurable growth otx^urred in 

f'ilie second solution. The addition of 0.B3 g. uf KCl tu KK) 
cc of eea-water therefore suffices to prevent growth entirely» 
while regeneration is not stopped until 0,0 per cent KCl is 
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added In doses of 1.3 g. to 100 c.c. of sea- water it is fatal 
to Tubularia. 

2. KNO3 inhibited growth when 0.6 g. was added to 100 
c.c. of sea-water ; regeneration was prevented by the addition 
of 1 g. of KNO3 to 100 C.C. of sea-water. NaNOj had a 
weaker effect; regeneration still followed the addition of 1.3 
g. to 100 c.c. of sea- water; but when 1.6 g. of this sabstance 
was added, regeneration did not occur. An experiment on 
growth gave the following average results; ten specimens 
were used in each case ; the experiment lasted eleven days, 
and the temperature was about 16** C. 

Average Growth 

In normal sea- water - * - - 7.3 mm. 
Addition of 0.6 per cent. NaNOs - 1.1 
Addition of 1.0 per cent. NaNOs - - 0.3 

The greater effect of the potassium over the sodium is less 
apparent in this experiment than in the chlorine compounci^ 
of this metal. 

3. The poisonous action of NH4CI upon Tubularia is v^^ ^ 
striking. An opaque precipitate is formed at both ends a^ ^ ^ 
Tubularian stem when only 0.06 g. of NH4CI is added to L ^ 
c.c. of sea-water. A quantity 0.03 g. to each 100 c.c. ^ 
sea- water suffices not only to inhibit all regeneration and ^ 
growth, but renders these life processes forever impossib****"*^' 
for when the animals are returned from such a solution ^^ 
normal sea-water, they no longer regenerate and grow. 

4. In conclusion I wish to direct the reader's attentiZ^ ^° 
to Fig. 62, which shows the regeneration and growth ^^ 
three Tubularian stems taken from the same color^^.^'* 
They had been put into different salt solutions for t- ^^ 
same length of time at the same temperature. 06 is ^ 
all cases the original piece cut from the animal. Fig. -^ 
remained in ordinary sea- water. The piece bd had grown st 
the oral end h, the piece ac at the aboral end a; the poly/» 
were very sturdy. The diameter of the new stem is nearly 
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Mjual to that of the old. Fig. B remained in sea- water to 

«rhich 1.3 per cent. NaCl was added. Frail polyps have 

:ormed at each end with only four to six tentacles. The 

growth is practically zero, and the diameter of the newly 

jrown parts is much less than that of the old stems. C re- 

nained in sea-water to 

¥hich 0.3 per cent. KCl 

¥as added. At the oral 

md 6 a deformed polyp 

inthout tentacles has been 

brmed, while no growth 

whatsoever has taken place. 

rhe drawing has been 

omewhat enlarged, and 

he piece ab of Fig. A is 

lot shown in full length in 

>rder to save room ; it was 

n reality as long as that 

hown in Figs. B and C 

:iV. THE RELATION OP RE- 
GENERATION AND GROWTH 
TO THE QUANTITY OP SEA- 
WATER 

It is self-evident that fig. o2 

or the regeneration and 

fTOwth of Tubularian stems the quantity of sea-water is of 
mi)ortance only in so far as it enables the stems to obtain 
rom it a sufficient amount of the inorganic substances 
lecessary for regeneration and growth. As soon as this is 
ho case, variations in the amount of sea- water should have 
lo effect upon these processes. 

In the experiments detailed thus far the amount of water 
»ntained in each vessel always amounted to exactly 300 c.c. 
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This time I distributed the individual animals of a colony of 
TubularisD into diflferent vessels, containing 10, 20, 50, 100, 
and 200 c.c. of sea- water. Each vessel contained six Tubu- 
larian stems, the roots and polyps of which had been ampu- 
tated at the beginning of the experiment. The vessels were 
relatively flat, and only lightly covered with a glass plate to 
shut out particles of dust that might be carried in through 
the air. Oxygen could therefore readily reach the sea- water. 
The first polyps were formed after three days — five in each 
of the vessels containing 100 and 200 c.c. of sea- water, and 
two in each of the others. Two days later all of the animals 
had formed new polyps. The inhibition of regeneration was 
therefore only slight in the vessels containing but a small 
amount of sea- water. On the eighth day after the beginning 
of the experiment I measured the growth of the individual 
specimens, which was as follows: 

In 10 c.c. of Sea- Water In 200 c.c. of Sea- Water 

8.0 mm. 7.0 mm. 

12.0 8.0 

6.5 13.0 
6.5 9.0 

7.0 10.0 
4.0 3.0 



Average 7.1 mm. 8.3 mm. 

I obtained about the same average values in the r^^^ 
of the vessels. Ten c.c. of sea-water therefore contain su^^^' 
cient inorganic material for normal regeneration and noiu^^* 
growth, and variations in the quantity of sea-water abo---"^^ 
this limit have no effect upon these processes. I have n^^^ 
made experiments with less than 10 c.c, as these bares^^v 
suflSce to cover the Tubularian stems. The result of thes^^^ 
experiments is free from the complication which ent^^'^ 
into Semper's experiments, in which the animals devour "^^ 
an uncontrolled (and possibly uncontrollable) amount ^' 
vegetable food. 
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I XV- SOME CASUISTIC BEMABKB ON RETEBOMOBPHOSIS 

1. It was my intention to analyze the conditions under- 
ying heteromorphosis in other forms as carefully as I have 
lone in the case of Tulmlaria and Antennularia. Lack of 
ime, however, rendered this iinpowsiblf, eh I was cum|>elled 

postfjono tht*se exporLiniints, I wish, however, to add a 
^w eaenal ubservations. 

During the winter of 1889-90 I had already obeervetl that 
n tijf* aquarium the etems of Goiiothyrea often grew into 
■o^jts even wljcn not injured externally. I thought at the 
ime that lack of light and oxygen lay at the basis of these 
ihenomoDa, hut did not meution this fact, as I wished to 
nake it the starting-point of now experiments. For the 
"^ensons given above, I did not succeed in mastering nr^aui- 
EStion in this animal in the time at my disposal, and so 
lave again postponed further work upon these exp*rimeiits. 

I have already called attention to the tendril-like beiid- 
ogs of the roots of Aglaophenia pluma in pajier iv. These 
jurvatureft, dei^ndent a|>|>arently utjoti internal cans^, play 
lerhajm a much more importuut role than I at first antiei- 
lated. They probably are res|>onsiblG for the fact that the 
irientation of tbe organs, even those at a distJince, dc»eö not 
lecur with the eame regularity ad in Antennularia» My 
Irst exjieriments were made in very intense light, and it is 
laeeible that this is the determining factor in bringing 
.boat the downward growth of the adventitious roots in 
^laophenia. Considering the complexity of the conditions 
letermining organization, ex [crimen ts upon this animal 
rith the klinostat might prove fruitful. 
■I found in äertiilaria that new growths which had the 
EsriD of roots, but were i}ositi%*ely heltotropic, formed a polyp 

1 their tips after they had attained a certain length, and 
hen rt?mnined positively heliotropie. According to Sachs, 
artain snbetances are not only necessary iu the formation of 
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certain organs, but the specific reactions of an organ toward 
light and gravity are also dependent upon the nature of its 
substances. It might be believed, therefore, that the polyp- 
forming substances also determine positive heliotropism, 
while the root-forming substcmces determine negative heliot- 
ropism. These circumstances might therefore explain the 
apparent paradoxes in the reaction of Sertularia to light. I 
hope to be able to study this question experimentally, and 
therefore will not enter into any further theoretical dis- 
cussion. 

2. I mentioned in the previous volume of these stndies 
that Bonnet and Dalyell had found that an organ of another 
kind may occasionally grow in place of one that has been 
lost. Dr. A. von Heider, of Gratz, called my attention to the 
fact that he, too, had observed and described such a case.^ I 
will give his description in full here : 

I have often had the opportunity of testing in Cladocora the 
great powers of reproduction which Coelenterates in general are 
known to possess. Without discussing the rapid healing of wounds 
and the renewal of womout portions of the body, the following case 
seems worthy of description. I cut off by a rapid incision, and as 
near the rim of the shell as possible, the polyp of a Cladocora, 
which was protruding a greixt distance beyond its shell, and 
allowed the animal to go on living in the aquarium. As early as 
the next day the tentacles of the animal, which had been robbed of 
its calcareous support, were entirely unfolded, the transverse 
wound at the opposite end had puckered to a conical scar, and the 
polyp movtHi over the bottom of the vessel by means of its ten- 
tacles. When examined with a lens some weeks later, the aboral 
end of the animal was completely healed and possessed of a plate 
running parallel to the oral plate, at the periphery of which were 
tiny elevations corresponding to tht^ tentacles of the oral plate. In 
the covii*se of two months these develoi>ed into full-grown ten- 
tacles. In the center of this new plate of tentacles was a round 
o|K»ning, the newly fornuxl mouth, so that an entire oral plate had 
btx'n formtnl at the cut end of tht» polyp, which differed in external 

I A. VON Hkider, W'it'iur SitzuniJi(f>tricht€, Vol. LXXXIV, Purt I (1881). 
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appearance in no way from the old oral plate. A slight swelling of 
the body-wall showed the position of the original cut iu this double 
polyp. The position of the latter also showed that the body itself 
had grown aborally. 

XVI. SUMMARY OF THE MORE IMPORTANT RESULTS 

I. The orientation of organs and the place where they 
originate can be controlled in Antennularia antennina at will 
through the following circumstances : 

1. The stems are negatively, the roots positively, geo- 
tropic and positively stereotropic. 

2. The place where the organs form is determined by the 
orientation of the animal toward the center of the earth, so 
that branches arise only on the upper surface of a stem ; or, if 
the latter is in an absolutely vertical position, only from that 
jut end which is directed upward. The opposite holds for 
,he roots, with this addition, however, that in the region 
prhere new stems originate new roots may at times also be 
rormed upon the upper surface of the old stem. 

3. If a growing but uninjured stem of Antennularia 
inten nina is suspended with its tip downward, the stem 
ceases to grow as such, but roots may arise from the tip. 

4. When a stem is placed horizontally or obliquely, the 
>ranche8 which are directed downward may grow as roots, 
»ven when they are not injured and not in contact with solid 
Mxlies. 

II. If a piece is cut from the stem of a Tubularian, the 
■e^eneration of the polyp at the oral end may retard the for- 
nation of a polyp at the other. By suppressing the for- 
nation of the oral ix)lyp one can accelerate considerably the 
formation of the polyp at the aboral end. 

III. If an incision is made into one of the tubes of a 
ZJiona intestinalis, ocella) are formed at both edges of the 
wound. 

IV. If the entire brain of a Ciona intestinalis is extir- 
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pated, the reflexes are preserved, and only the threshold of 
stimulation for their production is raised. 

V. The brain of such an animal is regenerated in the 
course of a few weeks. 

VI. Growth and regeneration in Tubularia is, as in plants? 
dependent upon the amount of water absorbed, Growtlx ^ 
increased by an increase in the amount of water absorb^'» 
while it is decreased through a diminution in the amount o^ 
water absorbed. Growth is practically zero in sea-wa't^^ 
containing 5.1 per cent, salt, though regeneration of polj^l* 
is still possible ; when the water contains 5.4 per cent, s^«-^ 
regeneration also is impossible. With a decrease in ^z^^^ 
concentration of the sea- water, growth becomes progressiv ^ely 
greater, until it attains a maximum in water containing ^^.5 
per cent, salt. If the concentration is further diminish, ^^ßd» 
growth decreases rapidly until a concentration of 1.3 Jp^r 
cent, is reached, when neither regeneration nor growth i^ Tiy 
longer takes place. The temperature was about 15^ C. ^^ 
these experiments. 

VII. When the pressure of oxygen is very low, regene- ora- 
tion no longer takes place ; it is also necessary that the e— "^ 
at which regeneration is to occur be constantly surrounded ^J 
water containing a sufficient concentration of oxygen. 

VIII. The salt solution in which Tubularia is to regen ^ — ^'* 
ate and grow must contain potassium and magnesium ; ~ ZF ^^ 
potassium must be present only in small amounts. I — ^^^ 
addition of 0.33 g. of KCl to 100 c.c. of sea-water preve- ^^ 
growth ; an addition of 0.6 g. to 100 c.c. of sea-water p:^^- 
vents regeneration also. 

IX. The amount of sea-water has no noticeable et^^t 
upon growth in Tubularia so long as the animals are «o/*- 
rounded by a sufficient amount. 



VII 

EXPERIMENTS ON CLEAVAGE» 

1. In the second part of my Untersuchungen zur physio- 
ogischen Morphologic^ I showed that regeneration and 
^wth in animals are, as in plants, a function of the amount of 
rater contained in the cells. When I increased the amount of 
rater in the cells of Hydroids by bringing these organisms 
nto more diluted sea- water than that in which they usually 
ive, the rate of growth increased with the decrease of the con- 
entration of the sea- water. When I diminished the amount 
»f water in the tissues of Hydroids by bringing these animals 
nto a more concentrated solution than the normal sea-water, 
he rate of growth diminished too. We know that seedlings 
f plants need water in order to develop. It is the same in 
he animal egg, as recent investigations concerning the 
evelopment of sea-urchins, starfish, arthrojx)ds, and fish 
bowed me. If we reduce the amount of water contained in 
be egg of the sea-urchin by bringing it into more concen- 
rated sea-water, the process of segmentation is retarded 
nly as long as the increase in the concentration is small. 
l8 soon as the concentration is greater, however, the fertil- 
ced egg does not segment at all. In one case the eggs had 
een fertilized at 9:40 a. m. A few minutes after the impreg- 
ation, one part (a) of the eggs wore put into sea-water to 
rhich 1 g. of NaCl to 10() c.c. had been added. A second 
«rt (6) were put into sea- water to which I had added 1.3 g. 
f NaCl to 100 c.c. A third part (c) were brought into sepa- 
rater, the concentration of which was increased by the addi- 
ion of 2 g. of NaCl to 100 c.c. ; and a fourth part (d) 

\ Journal of Morphology, Vol. Vn (1892), p. 253. 
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remained in normal sea- water. At 10:50 nearly all the eg?? 
which had remained in normal sea-water were in the two-o*^ 
stage, while none of the eggs in the other solutions were ^^ 
segmented; in part (a) the first egg was segmented at 10:233*^ 
in (6) the first segmentation took place at 11:45 — nearly ^ 
hour later than in normal sea- water ; and in (c) no segmen^ ^' 
tion at all took place. That the amount of water and ^^z)^^ 
intra-cellular pressure in these experiments varied with i^Bbe 
concentration could be seen from the form of the cleava^^ig^ 
spheres. In normal sea- water, and still more in sea-wa t^r 
which was a little diluted by the addition of 10-20 p, j er 
cent, of fresh water, the first two cleavage spheres were nea rly 
perfect hemispheres In sea- water of higher concentrati^Son 
the first two cleavage spheres became ellipsoidal in sha ~T)e, 
approaching the sphere more the higher the concentratSSon 
was. When I added more than 2 g. of NaCl to 100 c.c. of 
sea-water, in a few hours plasmolysis took place, and ^^be 
surface of the protoplasm began to shrink irregularly. fc=3ut 
by bringing the eggs back into normal sea-water the norcrr^ial 
form was restored in a few minutes. 

2. Further investigations concerning this subject led ^^ 
to another series of facts, which, as I believe, give the phy^^^i^- 

logical explanation of some of the phenomena of cleava ^^• 

In my investigations concerning the regeneration and grovs — ry th 
of Hydroids, I found that a salt solution which is just c^^^^' 
centrated enough to prevent regeneration and growth by do 
means kills the Hydroids, or even annihilates the power of 
growth and regeneration. Hydroids which had been i^ 
such a solution for several days when brought back into noTW^*iäI 
sea- water began to regenerate and to grow. When I m^i^^ 
the same experiments on fertilized eggs, the results were the 
same. A salt solution which is just concentrated enough to 
prevent segmentation does not annihilate the power of seg- 
mentation at once. But when I brought such eggs back 



fito normal sea- water, I found that the mauner of segmenta- 
ioo changes in a T**markable way, accortling to the time the 
ggs had lR*en in the concentrated sea-water* 

3, I fertilized eggs of eea-urchins at U:30 in the mom- 
tig, and at 9:43 a part of these eggs were put into nea* water 
J which 2 g, uf KaCl to 100 c.c. had been adde<l. The rest 
f thö eggs remained in normal sea- water. I will call the 
I^Wftter to which 2 g, of NaCl to 100 c,c. had Jxvn ailded 
^knsieentrated solution, and the eggs which had been 
iPHn to it the plasmolyzcd eggs. At 10:20» before any 
Bgmentation even in the normal sea-water had taken place, 
look a lot of eggs out of the concentrated eolution and 
rought them back into normal sea* water. At 10:33 these 

r began to segment., The segmentation was a normal 
as only segmentation into two cells took place. At the 
lUie time segmentation had taken place in nearly all of the 
(irtnal eggs. The only ditfereace bt^tween the m^rmal eggs 
ttd the plasmoly^ed eggs was that the former at 10:33 were 
eiarly all segmented, while of the latter only a small part had 
odergone segmentation. Ten miuiites Inter, huwt»ver, every 
^cx)tld one of thi^ plasmolyKed eggs wiis ^gmentc?d, mostly 
ito two, exceptionally into four, segments. But now the 
illation began to change. By this time the normal eggs 
nf^ati to reach the four-cell stage, and now many of the 
Uismotyzed eggs which had not yet segmented into two cells 
egmti to segment into three or four cells at once, without 
ulug through the two-<^ell stage at alL The cleavage took 
lac*? in this way, that at the saoie time, or shoHly after each 
tber* spherical projcctiuns ai^jMiared on the surface of the 
gjf, which at first were coherent, but which soon, at the saaie 
Line or in quick succession, were separated» ThU kind of 
Bgmentation seems tu be identical with that which O* and 
t, Hertwig observed under other circumstances, and have 
je«cril)ed as KnosiMnfitrvhungJ The further segmentntiou 

lO. .*)to R. lUnt^ntiK Jfmii§che ZVir^Ar*/^. Vol XX {\mi\ 
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was the same iii the plasmolyzed and in the normal 

At 11 o'clock I brought a second lot of eggs back from 
the concentrated solution into normal sea- water. These eggs 
did not show the slightest trace of segmentation. At 11:22 
the eggs began to segment, but in hardly any case did the 
eggs divide into two, but nearly all of them segmented into 
more cleavage spheres at once. The number and size of the 
cleavage spheres were not quite regular. There were mostly 
about four spheres in one egg; sometimes, however, five to 
eight. The size of the single cleavage spheres of the same 
egg varied, the smallest spheres being about the size of a 
cleavage sphere of the eight-cell stage, the largest that of a 
two-cell stage. At 11:4-1: the first segmentation was finished, 
and from now on the segmentation was perfectly regular. 
At 11:40 the normal eggs were in the eight-cell stage. 

At 2:40 I brought another lot of eggs from the concen- 
trated solution back into normal sea-water. Not one egg 
showiHl segmentation. At 2:50 the segmentation began. 
Just as in the 11 o'clock lot, hardly one egg segmented into 
two cleavage spheres. But while most of the eggs of the 11 
o'clcH'k lot segmented into from four to eight cells, most of 
the eggs segmented now into from eight to sixteen cleavage 
spheres at once. The numlx^r and size of the cleavage 
sphen^s varitxl again in the tlitfeient eggs, but the striking 
feature this time was the prevalence of cleavage spheres of 
the size of the sixteen-cell stage. The normal eggs by this 
tiuie were into the morula stage. At 4:05 another lot of 
eiTiTs was brouirht back from the concentrated solution into 
normal sea-wattT. Not one egg had segmented. Twenty 
minutes later, however, nearly all the eggs were in cleavage. 
Hut this time they did not divide into sixteen, but into many 
mort^ segments at once. I think that most of the eggs 
showi.H.1 al)uut thirty cleavage spheres. Of course, in this 
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lot, just as in the foregoing lots of the same kind, I found 
cleavage spheres of very different sizes in the same egg. At 
6:50 I repeated the same ex|)eriment, taking out a lot of 
eggs from the concentrated solution, and bringing them back 
into normal sea- water. Not one egg showed any trace of 
segmentation, but in a very short time — about twenty min- 
utes — the eggs segmented at once into a great number of 
small cleavage spheres, the smallest and most numerous having 
the size of a cleavage sphere of about the sixty-four-cell stage. 
I repeated this experiment about twenty times, always with 
the same result, which in a few words may be expressed as 
follows: If we bring impregiiated eggs into sea-water of a 
certain higher concentration, no segmentation takes place; 
but if we bring them back into normal sea- water, they divide 
in about twenty minutes directly into nearly, but not quite, 
so many cleavage spheres as they would contain by that 
time if they had remained in normal sea-water all the time. 
It must be added, however, that the normal eggs in this 
ex[)eriment are always ahead of the plasmolyzed eggs in 
regard to their stage of segmentation, and that their advance 
becomes the more obvious the farther they develop. 

Eggs, after having been in the concentrated solution from 
twelve to twenty-four hours, do not segment at all if brought 
back into common sea-water. All these exj>eriments are the 
more satisfactory the better the material is. 

4. I varied these ex[)eriments by sometimes bringing the 
impregnated eggs into the concentrated solution immediately 
after impregnation, and sometimes later. The result remained 
the same, on the whole, and I will not dwell u[X)n the details 
of these exj)eriments. But the following fact may be of inter- 
est: I impregnated eggs in normal sea- water, and left them 
there until they were all in the two-cell stage. Then I 
brought them into the concentrated solution. The cleavage 
Btopi^ed directly. After having Ix^en there for three hours, 
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I brought them back into normal sea-water; and now every 
cleavage sphere divided at once into more than two pieces, 
sometimes into eight or even more. 

5. I concluded from the foregoing experiments t/iat in the 
concentrated solution a segmentation of the 7iuclet might 
take place without any segmentation of the protoplasm. 
Eggs which had been impregnated in normal sea- water were 
brought into the concentrated solution and watched care- 
fully. No segmentation of the protoplasm took place; but 
the nucleus divided, indeed, into two, and then further divi- 
sions followed. I tried, moreover, to see whether the proto- 
plasm of such eggs, if brought back into normal sea-water, 
divided into as many cleavage spheres as there were nuclei 
preformed. I saw, indeed, that every nucleus becomes the 
center of one of these projections, which later on become 
cleavage spheres. Dr. Conklin was kind enough to stain 
some of the eggs which had been in the concentrated solu- 
tion for some time and which showed no trace of segmenta- 
tion. Some of these stained eggs showed very distinctly from 
four to about thirty distinct nuclei. In other eggs the seg- 
mentation of the nucleus was not so [)erfect. The nucleus, 
extremely (»nlarged, seemed to consist of several parts, which, 
however, were still connected. These eggs had been killed 
at a time when the eggs of the same lot which had n^maiiuHl 
in normal sea- water all the time were in about the sixty-four- 
cell statine. 

0. Fol and (). and R. Hertwig found that in the case of 
polyspermia the egg at once divides into alx)ut as many cells as 
there are asters. We know that for the segmentation of the 
protoplasm it dot's not make any (litf(»ren(!e whether the nuclei 
are derived inmi the male ])ronuclei exclusively, as in the 
case of the impregnation of an enucle^ated egg; or from the 
conjugated nuclei, as in the normal case; or from both conjU' 
gated nuclei and male pronuclei together, as in some cases 



desäüTÜK»«! by Fol- In my experiments the «"ggß were impreg- 
nated under Dartual conditions» and eaftesof polysjieriiiia wero 
very rare indeed. Nearly all of the eggs which remainetl in 
normal eca- water segmented quite normally. Bat I thought 
of tlie possibility that new gpermato^ua might cuter the 
impregnated egg in the concentrated «<jlution, I knew that 
such a supposition was in contradiction with all known fricts, 
btit these facts are still meager. If a iJolysfM^rmia in niy 
ex[M*riments took place, it could liap[>en only in the conccu- 
tratinl solution, as here the increase of tlie iiumlx^t of the 
nuclei was observed. But I found that the sfiermatozoa were 
perf4*cth paralyzed as soon as they were lirought into the con- 
centrated solution; that is, in the sea-water tt> which 2 g* of 
NaCl to 100 c*c- had been addecL I cnukl show, moreover, 
that in this concentrated solution no impregnation is elTt*cted* 
I bn>ught unfertilizeil eggs into this conceütrateil Sf jlutioü and 
Added sj>i*rmatozoä. When I brought theoi back into nor- 
mnl sea-water, it look more time from that moment until seg- 
metitation began than it took in normal eggs and in normal 
ma-wnter from the moment of impregnatiun to the moment 
of segmentation. The spemiatoxoa contained in the coneen- 
ImU^l salt solution became active agnin a few minutes after 
being brought bat^k into normal sea- water antl then c^ntercKl 
th<* ^gg^* Polypjiermia iu this east* euuld Ik? nliservinl, but 
aol a» a rule. Most of these eggs segmented into two cells. 
But it was astonish io^ how soon The s|M*rniatozoa lt*st their 
i power of inij>regnating under these circumstances. Sjierma- 
m which had l>een in the cout*entratcHl solutinn only a 
lit w hour», when brought back into normal 8ea-wat4»r fertil- 
t-d only a thousandth |>art, or still h*s.% uf the nc^rnial eggs; 
rhile s(it*rmatu%im of the §ame animal which had remained 
h norttial sea-water fertilised at the same time practically all 
' eggs nf the ftjiuii* female. Whi-n I tried to fertiliiso eggs 
nt>rmnl sea-water which had \wtm in tbt* coacentratiHl 



260 Studies in General Physiology 

solution for a few hours with spermatozoa that had been 
under the same conditions, only about one egg in a million 
began to show some trace of segmentation, and as a rule this 
segmentation remained in statu nascendi, but was not accom- 
plished. All these observations are totally diflFerent from the 
phenomena described above. Eggs which had been fertilized 
in normal sea-water, and which were put into the concen- 
trated solution, after being brought back into normal sea- water 
for from ten to twenty minutes segmented without any excep- 
tion, and were able to develop into normal blastulae and plutei. 
Eggs of this kind were still able to develop into normal 
larvae after having been in the concentrated solution for four 
to six hours. But eggs which before impregnation had been 
put into the concentrated solution together with spermatozoa, 
and which four to six hours later were brought back into nor- 
mal sea-water, reached only the first stages of segmentation, 
if they segmented at all, and then stopped developing. I 
never got a living larva from these eggs. From all these 
facts I conclude that the continual increase of the nuclei of 
the impregnated eggs in the concentrated solution was due, 
not to iKjlyspermia, but simply to segmentation of the nucleus. 
In these experiments bacteriological precautions are neces- 
sary, as the water of the acjuarium is liable to contain quan- 
tities of spermatozoa. 

7. From the above I believe to have shown that by bring- 
ing fertilized eggs of sea-urchins into more concentrated sea- 
water — we added 2 to 2.4 g. of NaCl to 100 c.c. of sea- water 
— the segmentation of the nucleus proceeds, although more 
slowly than under normal conditions, while no segmentation 
of the proto[)lasm is possible. The fact in itself is of some 
t(^chnic-al value, as it enables us to separate two processes 
which nature generally produces together, or which hitherto 
wo had not the power to separate at desire. In regard to 
our knowUnlge of segmentation, we see from this that the 
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physlologiciil coDclitions for segmeiitatiou of tht^ iiucleue nre 
different from thy physiological conditions of the segmenta- 
tion of the jirutoplftsm. We now can be jKteitive in this 
regardp as under the same conditions the nucleus contiJiuas 
ee»^enting^ while the protoplasm dt>e9 not bIiuw the slightest 
trace of st^g mentation. But theat* experiments allow us to 
go one step farther and to make clear one elemi^nt in the 
complex called segmentation, namely, the physiological cau^> 
fur the segmentation of the proto|>lasni. We saw that in the 
concentrated solution the protoplasm did not segment, while 
as soon as it was brought back into the normal sea- water it 
Begmeiited at once into about as many cleavage spheres as 
nucU*i were formed. All further inferences depend u]>on 
our knowledge of the effect of salt «olutions on pD^toplasnu 
I have investigated this point myself, and have caused others 
ako to take up this cpieation* The r^'snll of nil investigatitins 
hitherto carried on is as follows: Raising the concentration 
of the salt solution in which an animal or a tissue lives has 
the same effect as lowering the temperature; lowering the 
concentration has <iualitativcly and quantitatively the same 
effect as raising the tem|)erature. 1 will mention two cases 
to illustrate this. First, one example to show the jmrallelism 
of the mentiuned effect of tlie temjjerature and the conci*ntra- 
tion in nualitative regard. I have recM^^ntly succeeded in 
making animals belonging to different classes — lar^»© of 
Polyj^ortlius, Copeiwidö^ ete. — i>ositively heliotropic by britig- 
ing them into low temperatures, and making them ne^gativelj 
beUotropic l^y raising tht^ tenijieraturt? of the water. In water 
from C to about 10^ larvrn of PoIygonUuii, for instance, are 
exclttsiveiy j»ositively heliotrupic. In water alx^ve 25° they 
are exclusively negatively heliotroiuc. But l>y adding a 
ctfrtain amonnt of NaCl to normal sea-water I was able to 
make them just m well |)ositively heliotropic, and by adding 
a certain nmutint at fresh water to the normal sea* water I 
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could make them negatively heliotropic. The same was the 
case in Copepods, only the absolute figures differ, as was to 
be expected. By bringing living tissues into a solution of 
higher concentration, we reduce the irritability by reducing 
the amount of water contained in them. By reduction 
of irritability we mean that the eflFect determined by the 
same cause is quantitatively less. That explains how the 
segmentation of the protoplasm is generally determined, 
why in a solution of a certain concentration no segmenta- 
tion of the protoplasm takes place, and why when brought 
back into normal sea-water the protoplasm segments at 
once into about as many spheres as there are nuclei pre- 
formed. The segmentation of the jwotoplasm is the effect of 
a stimulus which the nucleus applies to the protoplasm, and 
which makes the protoplasm close around the nucleus. If 
we bring the fertilized egg in the concentrated salt solution 
(2 g. of NaCl to 100 c.c. of sea- water), the nucleus divides, 
and every nucleus applies the stimulus to the protoplasm 
with which it is in contact. But the protoplasm of the egg, 
on account of its containing too little water, is in the condi- 
tion of a cooled-oflF muscle, which does not answer to the 
stimulation of the nerve, and no segmentation of the proto- 
plasm takes place. But as soon as we bring the egg back 
into normal sen-water, the protoplasm takes up water very 
fast and regains its irritability ; and now, of course, it answers 
to the stimuli from the nuclei, and closes around every 
nucleus of segments. If we add a smaller dose of NaCl — 
namely 1.3 g. of NaCl to 100 c.c. of sea- water — the irrita- 
bility is only a little less than it is normally, and the whole 
(»iTect is that the reactions of the [)rotoplasm are somewhat 
slower and retarded. Of what kind the stimulus is, and from 
which [mrt of the nucleus it is exercised, we cannot tell. From 
other facts I am inclined to believe that this stimulus is a 
chemical one, and caused by certain substances produced in 



the nucleus which also may be effective if separated from the 
ufioleus. 

K The physiological causes of the segmentatioti of th© 
nucleus are not directly touched by thee© esjieri meats. But 
two (xiiuts ought to be mentioned : first, that the se^menta^ 
tiotiof the nucleus in the concentrated solution (2 g. of NaCl 
to IIH) c.c, of sea- water) was retardeil, and at last ceased 
entirely after from twelve to twenty*four hour»; secondly, 

.that the segmentation of the nucleus was extremely irregular 
when the {irotoplasui did not take [mrt in segmentation. We 
see in these facts some of the influences which the proto- 
lilaam exert^ises on the segmentation of the nucleus. This 

, influence may be exercised in this way, that by the high 

' intra -cellular pressure which normally exists in the cleavage 
spheres these s[iheres press and flatten each other. Tlie form 
of the cell^ however, determines, as Sachs showed long Ago, 
tlie orienliition (jf the plane of division, and, as Hertwig 

t believes, in such a way that the longitudinal axis of the 
KiTfu^pimh'l m put in the longest diameter of the cell* 
Thert*fore we ought to exfiect that, within certain timiti^, with 
incrt*iiBiüg intrneellular pressiire, Sneh s law of the rectungu- 
lar division of the [ilanes of cleavage would t*ecome mcire 
rfoua« I found, indeed, that in normal, or «till more in 
»me what diluted, nea- water, where the turgor, mid eonse- 

^qm^nily the flattening of the cleavage sphere», was the great- 
eiit. Sach's law was the most exactly n*alijaed* Therefon* this 
[imetrical regularity in the si^gmentation nf the nueleus 

^wbich is BO striking under normal couditions must dtsa(i[H*ar 
at once if the protoplasm does not take part in segmentation. 
!*• Our ol)sc»rvationi* concerning the dej^endence at irritn- 
biijty of the [>rotoplnsm u[M>n the water conlnined in the tis- 
aeü add one more faet ti> thoöe given niread} to explain the 
iti]|xvrtance of water for all proc^L^sst»® of growth and develop- 
ment. If we reduce the am(tnnt of water in a regenemting i>r 
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growing tissue, we not only retard or prevent these processes 
by reducing the volume of the cells and the mechanical 
eflFects of the intracellular pressure, but we reduce also the 
irritability of the protoplasm. This irritability, as we saw, 
plays an important role in the process of cleavage, and as 
regeneration and growth is a function of processes of cleav- 
age, we at once understand why regeneration and growth 
must be retarded or accelerated by bringing Hydroids into 
more concentrated, or more diluted, sea-water. But if this 
inference is right, our experiment holds good for the process 
of cleavage not only in eggs, but in cells in general. 

The experiments which are mentioned in this paper were 
all made on sea-urchins (Arbacia). 

The chief result of these investigations is, shortly, as fol- 
lows. 

If we reduce the irritability of the protoplasm of the egg 
by reducing the amount of water contained in it, the nucleus 
can segment without segmentation of the protoplasm: If we 
increase again later the amount of water, and consequently 
the irritability of such an egg, the protoplasm at once divides 
into about as many cleavage spheres as there are nuclei pre- 
formed. The segmentation of the protoplasm in the egg, 
and probably in every cell, is only the effect of a stimulus 
exercised as a rule by the nuclei. 



VIII 

THE ARTIFICIAL TRANSFORMATION OF POSITIVELY 
HELIOTROPIC ANIMALS INTO NEGATIVELY HELIO- 
TROPIC AND VICE VERSA» 

The new facts contained in the following pages deal 
chiefly with the task of rendering positively heliotropic 
animals negatively heliotropic, and vice versa. I think also 
that I have discovered a difference in positively and in nega- 
tively heliotropic animals with regard to the liberation of 
energy. As both series of observations may give us some 
clue in regard to the nature of heliotropic phenomena in 
general, I have briefly repeated here the description of the 
simple facts of heliotropism, and have prefaced it with a 
short theoretical explanation. A later part in this paper 
treats of the behavior of animals, which, though not helio- 
tropic, still react to the light by movements. These I shall 
term photokinetic {iinterschicdscmpfindlich). In the con- 
cluding part of this paper are given the results of some further 
experiments bearing on the causes of depth -migration and 
depth -distribution in marine animals. 

I. THE SIMPLE FACTS OF HELIOTBOPI8M 

1. All former authors who have studied the behavior of 
animals toward light have, without exception, been of the 
opinion that animals "preferred" either light or darkness, 
and corre8[X)ndingly either sought the light places in space 
or shunned them. Five years ago I showed that there is a 
large number of animals which are oriented by the light, 
and in such a way that they are forced to place their axes 
or planes of symmetry in the direction of the rays of light. 

I PfluQcn Archiv, Vol. LIV (1893», p. 81. 
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This leaves still two possibilities: the oral, or the aboral, 
pole may be turned to the source of light. When the former 
is the case, the animals are called positively heliotropic; 
when the latter is the case, negatively heliotropic. In the 
case of sessile animals orientation was brought about by the 
light without any complicating secondary phenomena, and 
when light fell upon them from one side only, heliotropic 
curvatures resulted just as in plants. Spirographis spallan- 
zanii gave rise to positively heliotropic curvatures; while the 
stolons of Sertularia gave rise to negatively heliotropic cur- 
vatures under certain conditions. If, however, the animals 
are able to move freely, a complicating feature appears, in- 
asmuch as the animals execute progressive movements, and 
these take place in the direction of the rays of light, as the 
median plane of the animals is brought into this direction. 
If the animals are positively heliotropic, progressive move- 
ments must occur toward the source of light. If the 
animals are negatively heliotropic, they must move away 
from the light. The difference between this idea and that 
of former authors is recognized immediately. According to 
my idea, the fact whether the animals go toward the light or 
away from it, is a consequence of their orientation by the 
light — a fact which former authors overlooked. Moreover, the 
direction of the progressive heliotropic movements lies in 
the direction of the rays of light — another fact which had been 
universally overlooked. The former conception, that certain 
animals seek the '* light," while others seek the ''darkness," 
is completely refuted by the fact, which I discovered, that 
jK)sitively lieliotrojnc animals can be forced to go in the 
direction of the rays of light from sunlight into the shade, 
and to remain there; while negatively heliotropic animals 
can 1)(» compelled to move in the direction of the rays of 
li<j:lit, from the shade into direct sunlight, and remain there. 
A few ex|M'riments will better illustrate the nature of helio- 
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tropic phenomena than long discussions, and as negatively 
heliotropic animals are very rare — indeed, much rarer than 
I formerly assumed — I will illustrate the more simple facts 
of heliotropism in such an animal and on one which I have 
had the opportunity of studying in America. 

2. The larvae of Limu- 
lus polyphemus — the 
horseshoe crab — are ener- 
getically negatively helio- 
tropic for some time after 
they have escaped from 
the egg. If these animals, 
which live for months 
without food in a small 
vessel of sea water, are ^ 
brought near a window, 
they collect during the 

day in a narrow zone on the room side of the vessel. If the 
vessel is carefully turned through an angle of 180°, so that 
the animals are brought to the window side, they at once 
return in perfectly straight lines to the room side of the 
dish. The animals are clumsy in their walking movements, 
and tumble over very easily — a fact which must of course 
be considered. 

It can easily be shown that the movements of the animals 
follow the direction of the rays of light. Let ^JS in Fig. 
63 represent the horizontal section of a window through 
which direct sunlight falls obliquely. SSi are the horizontal 
projections of the sun's rays. The circle is the section of 
the vessel in which the animals are contained. At the be- 
ginning of the experiment the larvfe are at C, Immediately 
after being exposed to the light they begin to migrate, not, 
however, in the direction CD, perjx^ndicular to the plane of 
the window, but in the direction of the sun's rays SSi. 
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Nor do the animals collect at D on the room side of the dish, 
but rather at E» The movements, therefore, occur in the 
direction of the rays of light. If the experiment is to be 
demonstrated to others, a shadow may be thrown into the 
vessel by a rod, in which case one can see directly that the 

animals move parallel to 
the shadow. 

Attention need scarcely 
l)e called to the fact that 
if rays of light strike the 
animal simultaneously 
from various directions, 
and the animal is able to 
move freely in all direc- 
tions, the more intense rays 
will determine the direc- 
tion of the progressive movements. 

That it makes no difference to the negatively heliotropic 
Limulus larvßB whether they go from regions of less intense 
light to regions of greater intensity — that is to say, from 
the '*dark" into the "light" — but that owZ?/ the direction 
of rays of light determines the direction of the progressive 
movements, is shown by the following experiment. Let AB 
in Fig. 04 again be the plane of the window; SS^ the hori- 
zontal projection of the sun's rays falling into the room 
obliquely from without and above. The horizontal part of 
the window frame casts the shadow CD upon the table. The 
strip CD will, of course, bo illuminated by reflected daylight 
I placed the vessel ef containing the Limulus larvae upon 
the table so that the window side e of the dish lay in the 
shadow, while the room side / of the dish was in the sunlight. 
At the beginning of tlu» exix?riment the larvae were collected 
in the shadow on the side of the dish nearest the window. 
They at once began to move to the room side in the path of 
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the dotted line f/j . In the shadow the animals were oriented 
by the diffused light, and as the rays fell into the dish sym- 
metrically from both right and left, the animals at first 
moved in a line perpendicular to the plane of the window, 
but as soon as they came out of the shade into the direct 
sunlight, they did not turn about, nor did they even hesitate, 
but followed in the direction of the sun's rays to /^ , where 
they remained. The animals went thus from the "dark" 
into the "light." 

To overcome the objection that the animals "love the 
light," I made a third experiment, in which the conditions 
remained just as in the experiment described above, except 
that I placed the dish near the window in such a way that 
the room side was in the shade and the side next the window 
in direct sunlight. The animals which were on the window 
side at the beginning of the experiment moved, as before, in 
the direction of the sun's rays out of the sun into the shade, 
where they remained. 

I wish to emphasize the fact that the animals remained 
permanently on the room side of the dish, under all con- 
ditions, no matter whether this part was in the sunlight, in 
diffuse daylight, or in twilight. 

These facts show, first, that the larvro of Limulus move 
in the direction of the rays of light, away from the source 
of light; and, secondly, that they do so even when by so 
doing they pass from shade into direct sunlight (or vice 
versa). 

I call those animals which are oriented by light helio- 
tropic, no matter whether, besides this, they execute pro- 
greseive movements or not. But 1 wish to point out that not 
every animal that is sensitive to light is alsoheliotropic. As 
we shall see below, aside from the heliotropic, there is 
another reaction to light, which does not consist in a direct 
orientation of the animaL 
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ii. on the theory of heliotropism 

Every attempt to formulate a theory of beliotropism is 
handicapped by our ignorance of the nature of the changes 
which are produced by the light in the illuminated tissuea 
If we acknowledge this gap, then the rest of the heliotropic 
effects of light upon animals may, perhaps, be understood as 
follows: Let us imagine any number of sections made 
parallel to the three principal axes of a bilaterally symmetri- 
cal, heliotropic animal. Of these elements into which the 
animal has been divided, always two which occupy symmetri- 
cal positions with reference to the median plane of the 
animal possess equal irritability. Every other two elements, 
however, possess unequal irritability, and generally the 
irritability of the oral end is greater than that of the aboral 
end. Corresponding elements on the dorsal and ventral 
sides have unequal irritabilities. I imagine the importance 
of this distribution of irritability for the orientation of the 
animals to be as follows: If the light strikes one side of the 
animal, changes occur in the illuminated tissues, which at 
present are unknown. In consequence, a change occurs in 
the iension of the muscles (or the contractile elements which 
act like muscles), which may be of two kinds: the light 
either brings about an increased tension of the muscles on 
that side of the animal which is exposed to the light (or of 
those muscles which turn the animal toward this side); or 
the opposite occurs, and the light brings about a decrease i^ 
the tension of these muscles and a preponderance of ^te 
tension of their antagonists. The first takes place, as I 
assume, in positively heliotropic animals; the second, i" 
negatively heliotropic animals. These assumptions explain 
the orientation of animals by light. Let SSj (Fig. 03) be 
parallel rays of light; (i the oral, h the aboral end of a helio- 
tropic animal. At the beginning of the experiment the 
animals move in a straight line in the direction ha. The 
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tension of the muscles turning the animal to the right 
and to the left is then the same. As soon, however, as 
the rays of light SS^ strike the right side, the tension of 
the muscles which turn the animal toward the light side 
either becomes (1) greater or (2) less; and this difference in 
the tension of the symmetrically situated g 
muscles will in either case be greater at 
the more irritable, oral end a of the animal 
than at the less irritable, aboral end 6. In 
the former case the animal will be forced 
to assume the position 6a j, and, further 
more, under the same conditions, to bring 
its median plane into the direction of the 
rays of light ; it is positively heliotropic. 
In the latter case it will be forced to assume 
the position fea.; it is negatively heliotropic. 
As soon as the plane of symmetry coincides with the direction 
of the rays of light, symmetrically situated points on the 
body of the animal are struck at the same angle by equally 
strong rays of light, and the animal can then no longer be 
driven either to the right or to the left by the light, and 
consequently continues to move in the direction of the rays 
of light. As soon, however, as the animal is again disturbi^d 
in its movements in this direction, through some other 
external or internal stimulus, symmetrically situated points of 
the animal are again stimulated unequally by the light. In 
consequence there is a corresponding change in the tension 
of the symmetrical muscles, and as a result of this the 
animal is again brought into its proper orientation. 

I wish, however, particularly to emphasize the fact that 
the progressive movement of heliotropic animals in the 
direction of the rays of light is a fact which can be directly 
observed and demonstrated, and is not a mere hyj)othesis. 

The question further arises whether facts are indeed at 
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hand to show that the phenomena of the liberation of energy 
produced by the light show different characteristics in posi- 
tively and negatively heliotropic animals to correspond with 
this theory. Negatively as well as positively heliotropic 
animals execute progressive movements under the influence 
of light, independently of their orientation, and a difference 
could be expected only in the efforts which the animal must 
make to execute the given progressive movements. It might 
be thought that in positively heliotropic animab light brings 
about a condition of the muscles or the nervous system in 
which the liberation of energy is made easier, while in nega- 
tively heliotropic animals a condition of the muscles is 
brought about by the light in which the liberation of energy 
is made more difficult. I have given some observations in 
sec. 4 of this paper which seem to sustain such an assumption. 
Before doing this, however, I wish to acquaint the reader with 
a series of new facts which deal with the transformation of 
positive heliotropism into negative, and vice versa. 

III. ON THE TRANSFORMATION OP POSITIVE HELIOTROPISM 
INTO NEGATIVE HELIOTROPISM, AND THE REVERSE 

1. In my earlier papers I was able to describe such ani- 
mals only as were constantly positively or negatively helio- 
tropic. Later, Groom and I described some observations at 
Naples on the behavior of the nauplii of Balanus perforatns, 
and certain other marine animals, which were at times nega- 
tively heliotro{)ic, and at other times positively heliotropic* 
We found that the intensity of the light determines the sense 
of lieli()tro{)ism in these animals. Above a certain intensity 
li^j^lit makes these animals negatively heliotropic, and this 
tlie more (juickly the greater the intensity of the light. 
By lamplight th(^ animals were always ix)sitively heliotropic. 

I have ma(U^ further experiments on pelagic animals at 

'*'l)«>r llrliot ropi.^inus der Nauplicu von Balanus perforatus/* BiolttQucket 
Centralhlatt, Vol. X. 
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Woods Hole on the artificial transformation of positive heliot- 
ropism into negative heliotropism, and vice versa, I obtained 
the best results in the larvsD of Polygordius in the early 
stages of development. These appeared in countless num- 
bers for about two weeks in June in the surface dredging 
near the coast of Woods Hole, and I was able to collect my 
material in abundance and in good condition. 

Immediately after the larvsB had been caught they were 
always negatively heliotropic. When they were left undis- 
turbed, they became positively heliotropic in the course of 
several hours. This transformation occurred more rapidly 
when the vessel was covered than when it was allowed to 
remain uncovered. If the vessel remained covered per- 
manently, the animals remained j)ositively heliotropic at 
ordinary room temperatures. 

In order to describe more accurately the phenomena 
which I have observed on the artificial transformation of the 
sense of heliotropism, I must introduce a new term, namely, 
the intensity of heliotropism. We find very frequently that 
in intense light an animal moves exactly in the direction of 
the rays of light; that in weaker light the direction of the 
progressive movements in general still follows the direction 
of the rays of light, but that at any particular moment the 
median plane of the animal, instead of being exactly parallel 
to the direction of the rays, may form a slight angle with 
them. These slight deviations of the median plane from 
the direction of the rays of light may occur at times toward 
the right, at times toward the left; and the path of such an 
animal oscillates continually from the straight line with 
which we indicate the direction of the rays of light. The 
amplitude of these oscillations is a function of the intensity 
of the light, and they become greater when the intensity of 
the light diminishes. We also find, however, that at the 
panie intensity these oscillations may he unequally great in 
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different animals. When other external conditions are the 
same, we deal in these cases with different degrees or inten- 
sities of heliotropic irritability. We therefore measare the 
intensity of the irritability by the (reciprocal) value of the 
oscillating deviations of the animal from the direction of the 
rays of light. It will therefore be understood what is meant 
when I speak of an increase or a decrease in the positive- 
ness or negativeness of the heliotropism. 

2. / succeeded regularly in making the larvce of Poly- 
gordius negatively heliotropic through an increase of tem- 
perature^ and positively heliotropic through cooling. 

A large number of freshly caught larvae were distributed 
into seven glass dishes. Each dish contained thousands of 
larvae, and they were all without exception negatively helio- 
tropic. I chose a vessel with such negative animals, and set 
it into a larger vessel containing ice and salt in order to cool 
the water containing the animals. The experiment was 
made before a window facing the north. At the beginning 
of the experiment, at 2:05 p. m., the temperature in all the 
vessels was about 16.5° C. In the course of the next seven 
minutes the temperature in the dish surrounded by the mix- 
ture of ice and salt fell to 11° C, without a change occur- 
ring in the b<,^havior of the animals. No matter how often I 
chant^ed the orientation of the dish toward the window, the 
animals went in a straight line back to the room side of the 
vessel. At 2:15 p. m. the temi)erature had fallen to 8° C. 
A few of the animals then left the negative side of the dish 
and movod to the window side. The temj^erature fell to 
0"^ C, and the larvte went in swarms to the opposite side. At 
2:83 the temi)ernture of the dish was 5"^ C, and only a small 
pro]Mjrtiün of the animals were negatively heliotropic. At 
2:80 at a temiK^rature of 4° C. only about ten animals 
remain(Kl at the iie*i^ative side; while the remainder, practi- 
cally thousands, were collected at the positive side. In the 
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other vaseels in which the temperature had not been changed^ 
tall the animals liad remained, withoat exception, negatirely 
LlieliotropiLv I iotjk pains to keep the temperatnr© in the 
Ffeeeel its*? If uniform throughout. 

Later, when I allowed the temperature in the cooled dish 
to rise again, the aniuiak graduRlly becanie negatively 
heliot topic as soon as the tem|>eratui'e reached ü° C> and 
above. 

It could be shown that the ahsohtie height of the temi^era- 
^turey and not the smkieu fall in the temperature alune 
Qftde the animals positively heliotropic. When I removed 
negatively heliotropic animals from water having a tempera- 
ture of 23^ C, and brought them suddenly into water hav- 
ing a temperature of 18° C, tbey remained negative even 
when I waited as long as an hour ; while, when the tempera- 
ture sank as low as 7"* C, the animals became positively 
beliotropio in a few miuutes. When the temjierature was 
lowtT than 6"* C, the animals remained ix)sitively helio- 
tropic as long as the tem[)erature remained as low aa this (in 
Loome exi^erimeiits this was for two hours). The temperature 
I At which the anitoais liecome positive is, of course, not ah* 
f «olutely the same io all experiments. I have repeated the 
eacf)eriments with many modifications, and have always found 
. that when cooled below + 7* C. all, or almost all, the animals 
became positively heliotropic. 

A few observations on the behavior of these animals at 
low tetnperatmrea may perba[>s be of interest. The jx^eitive- 
lof the animals at +4^ C. was greater than the positive- 
ot the animals at +7"* C, the osc?illations from the 
stfm%ht line were smaller, and thetr movements more ener> 
Igetic — a fact which I had not aoticipated, I still observed 
'poailtvely heliotropic reactions at a temperature of +0.4"" C 
The reaction to light ceased at —0.5** C, although the 
animals atill moved, and at —2^ 0, the animals passed into 
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cold rigor. As the animals are exceedingly small, it is 
reasonable to assume that their temperatare was almost 
identical with that of the sea- water in which they were con- 
tained. 

Positively heliotropic Polygordius larvsB can easily be 
made negatively heliotropic through an increase in tempera- 
ture. I put some animals, which at the room temperature 
of +24° C. had all become positively heliotropic, into a 
dish, and put the dish, as usual, into another glass vessel of 
larger size. At 10 : 45 A. M. warm water was poured into the 
outer vessel. At 10 : 52 the temperature of the dish con- 
taining the animals was 25.5° C, and all the animals were 
still positively heliotropic. Five minutes later, when the 
temperature had reached 29° C, all the animals became 
negatively heliotropic. The reaction continued the same 
until 34° C, when the animals no longer reacted to light. 

In another experiment the animals were positively helio- 
tropic at the room temperature of 17° C. When I raised 
the temperature to 24° C, in the same way, as before, the 
animals became negatively heliotropic, and their negative- 
ness increased at first with an increase in temperature. Just 
as it was possible every time to make negatively heliotropic 
animals positive through cooling, it was also possible every 
time to make positively heliotropic animals negative through 
heating. I have repeated the experiments many times, and 
besides have demonstrated them to others. After what has 
been said I need scarcely mention that positively heliotropic 
animals become more energetically positive through cooling, 
while negatively heliotropic animals become more energetic- 
ally negative through warming. 

3. The heliotropism of Polygordius larvae can also be 
influenced by light. This influence consists chiefly in the 
fact that direct sunlight makes positively heliotropic animals 
negative. I did not succeed in making negatively heliotropic 
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lan'i© [K)©itive by exposing them to weak light. I must em- 
Iphafiiza the fact that the la r vie which I caught during the 
first week did not liecome negative in direct sunlight; while 
the larvae caught during the second week promptly showed 
the effect of the sunlight by becoming negative. I do not 
know what caused this difference» I tried to see now whether 
the same animals, which I was able to make negative ly belio- 
tropic in a few moment» at ordinary temperature by direct 
sunlight, would still be influenced in thtj same way aa before 
by low tem|>erature. 1 found thai at ft frmjMTtttiin* he* 
low + Z"" C* ev^m the strongmi snnlifjkt tmts not uhlr. to 
make the animals negnfivel^ heUotropte. (The influence 
uof temi?erature in thi« ease reminds cue of the critical tem- 
peratun^ of gasea) It will be necessary to describe these 
ex[>erimeuta in somewhat greater detail. 

Home Polygordins larva? had stood quietly in the north 
room for three day a, and had be<'ome positively heliotropic, 
I took one fMjrtion of the animalä and put them into direct 
sunlight. The temjjerature of the water in the vessel eon- 
tuining them was 20"^ C, In order to keep the sun from 
heating the water, the vessel containing the animals wo^ set 
int<» another large vessel of glass containing sea* water and 
pief*e« of ice. The water in the outer vessel was kept In 
oonsUnt circulation by stirring. Even though the tera[iera- 
ture in the dish containing the animals, which was exfKJsed 
to direct sunlight, not only did not rise, but even sank m 
little— it fell during the f^x|)eriment to lo"* C, — the animals, 
nt'vertheleae, became all negatively heliotropic in three 
minutes under the inlluenee of the direct sunlight. When 
E^r I carried the animab back into the north room and 
*lc€?pt I he tern j>erat uro constant at 15'^-Ui^ C, they again 
be**ame positively heliotrtjpic in the course of twenty 
luinutes. Thi* an n light must be very intense in order to 
bring about thi« effecL If the dish containing the animals 
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is covered with a red or blue glass, the transformation does 
not take place. I tried to discover now whether at a tem- 
perature of 7° C. and less the sunlight would still be able to 
make the positive animals negative. I again took some 
animals which had become positively heliotropic in the north 
room, and convinced myself first of all that at a constant 
temperature of 20° C. they would become negatively helio- 
tropic in direct sunlight in a few minutes. I then returned 
them to the north room, and here the animals again became 
positively heliotropic at the same temperature in the course 
of fifteen minutes. After this I filled the space between the 
dish containing the animals, and the outer vessel, while still 
in the north room, with ice and salt, and waited until the 
temperature in the dish containing the animals had fallen to 
8° C. During this procedure the animals had only become 
more intensely positively heliotropic. I now brought the 
entire apparatus into a south room and exposed it to the 
direct sunlight. The animals which had been disturbed 
by being carried from room to room at once moved to the 
window side of the dish when exposed to sunlight. Not one 
animal became negative or indifferent. The temperature 
dropped to 5"" C The animals remained strongly positively 
heliotropic. I kept the temperature of the water in the 
vessel containing the animals between 5° C and 3° C. for an 
hour. Greater differences in temi)erature in the dish con- 
taining the animals were prevented through constant stirring 
of the fluid in the outer vessel. The animals remained posi- 
tively heliotropic permanently. I now allowed the tempera- 
ture of the dish containing the animals to rise rapidly by 
stoppin^i^ the addition of ice. In fifteen minutes the tem- 
I>erature reached 7"" C, and a few animals had already be- 
eouie n(*»j^ative at this point. In the next fourteen minntee 
th(» temperature rose to \)^ C, and more than half of the 
animals became negatively heliotropic. Fifteen minutes later, 
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at a temperature of 15^ C, the majority of the animals were 
negatively heliotropie. The sunlight, which had before and 
later made the majority of the animals negatively heliotropie 
in a few minutes at a constant temperature of about 15° C, had 
no effect upon the same animals when the temperature was 3- 
7° O. When I returned the animals to the north room, they 
all again became positively heliotropie, even though the tem- 
perature at the same time rose to 21° C. 

I have repeated these experiments many times, with 
numerous modifications, but always with essentially the same 
result. 

4. Further experiments showed that through an increase 
in the concentratiou of the sea-water the same results can 
be obtained as through a lowering of the temperature. Neg- 
cUively heliotropie larvce become positively heliotropie^ 
and positively heliotropie larvce become still more positive. 
Through a d(*crease in the concentration of the sea-water 
the same effect is obtained as through an increase in its 
iemperature. The positively heliotropie animals become 
negatively heliotropie, and the negatively heliotropie animals 
more strongly twgative. 

I prepared four solutions of a higher concentration than 
the sea-water by adding chemically pure sodium chloride to 
the normal sea-water. To each 100 c.c. of sea-water the fol- 
lowing amounts of salt were added: OJJg., 1 g., 1.3 g., and 
1.6 g. In order to avoid differences in temperature I allowed 
the solutions, carefully protected from evaporation, to stand 
for a day in the room in which the animals were kept. 
Polygordius larv8B which were energetically negatively helio- 
tropie were then distributed into these solutions. The 
majority remained negatively heliotrojnc in the weakest 
Bolution, but a few of the animals went to the window side. 
In the next three solutions almost all the animals nt once 
became jKXsitively heliotropie. In the most concentrated so- 
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lution the animals at first showed no reaction; they fell to 
the bottom, and remained there as though dead. Later a 
few recovered, which, without exception, were positively 
heliotropic. 

Animals which were already positively heliotropic in 
normal sea- water became more energetically so when intro- 
duced into concentrated sea-water. 

Dilute sea- water made the larvsB negatively heliotropic 
To three dishes, each containing 100 c.c. of sea-water, were 
added 20, 40, and 60 c.c, respectively, of fresh water. All 
the solutions were at room temperature. Positively helio- 
tropic larvsB were distributed in sufficient numbers into these 
three solutions. 

The larvae remained positive in the first solution of 100 
c.c. of sea-water -f 20 c.c. of fresh water. Only three of the 
thousands of larvsB which I had introduced into this solu- 
tion became negatively heliotropic. In the second solution 
only about half of the animals remained positive, the other 
half at once becoming negatively heliotropic. In the third 
solution of 100 c.c. of sea-water -f- 60 c.c. of fresh water the^ 

animals lay on the bottom for a few minutes without react 

ing, and then they slowly recovered, and all crept to the»-^ 

room side of the vessel. Without exception they all be 

came negatively heliotropic. Negatively heliotropic animala^^ 
when introduced into the diluted sea-water become only*^ 
more strongly negative. 

We must ask the question whether the suddenness of th^^ 
change in the concentration of the salt solution, or merelj^^ 
the absolute conceniraiion, determines the change in the heli -Ä 
otropism. In answer it must be said that on the same dar^s^' 
and generally also on the next day, there is no change in th - ^^ 
behavior of the animals when they remain in the same selec- 
tions. But after that changes may occur. It must be kef>/ 
in mind that the amount of water contained in the tissues o/ 



an iiuimaJ is dependent, not only upon the concentration of 
the Bali 1^1 nt ion in which it lives, but eIbo upon the amount 
i>f water whicli is lut^t by secretion. It is therefore clear 
that in time an adaptation of the aulmal to the altered coti- 
eeutration of the sea- water may occur. The temperature in 
all these experiments was usually about 20° Ct 

5- I tried to see whether it is {Ktssible to make animalB 
fjositirely heliotropic in a diluted salt ßt>lution by lowering 
tin* temjierature. Positively heliotropic larvte were intro- 
duced into sea- water to which 72 per cent of fresh water» 
by volume, had been added. At the beginning of the ex- 
periment the tena|>erature was 111,5'' C, The animals at 
once l>f*canie negatively heliotropic, I then began to lower 
the t cm I »era tore. At the same time as a control I subjected 
a number of negatively heliotropic animals contained in 
normal pea-water to the same lowering of tenijierature. 
When the temperature reached 11"^ C , a few of the animals 
in normal sea- water became positively heliotrü|uc» and at 
7* C. the majority of the animals in normal Bea-water 
b<*eamit positively heliotropic. In the dilute salt solution, 
on the other hand, all the aniniats remained negatively 
hetiutmiiie. Only they reacted more slowly than the ani- 
mals kept in the normal sea-water. At ^4° C. they also 
n^mained negatively helit^tropic, if they reacted at all; while 
thofse kept in the normal stm-water at this tenii)erature were 
very energetieatly fiositively heliotropic. When the tem- 
pentürt» again n.ise, the reactions of the animals in the dilute 
aefi-water again l)ecame lively, but they, of course» rt^nmined 
negatively heliotropic, I have mentioned the fact that ani- 
mals which have l>een kept several days in dilute s«*a -water 
may again become jMjsitively heliotropic. In such animala 
it was alsij [Rjssible by lowering the temperature to make at 
least n few positively heliotropic, 

Vk It id worthy of note that 1 found the sam«' d(|[>endeaeo 
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of heliotropism upon the temperature and concentration of 
the sea- water in marine animals * which are far removed in 
the animal scale from the Annelids, namely, Copepoda I 
worked on a series of Copepods which were always collected 
by the tow net, a number of which, however, are not yet 
classified. The species which was found in largest numbers 
is, according to Dr. Bumpus, probably Temora longicomis. 
The freshly caught Copepods were not negatively heliotropic 
at first like the Polygordius larvae, but positively heliotropic ; 
the majority of these, however, soon became negatively 
heliotropic. Jarring made them positively heliotropic tem- 
porarily. They were much less resistant than Polygordius 
larvae. An increase in temperature made the positively 
heliotropic Copepods negatively heliotropic, and increased 
the negativeness of the Copepods already negatively helio- 
tropic. A lowering of the temperature made the negatively 
heliotropic Copepods positive and increased the positiveness 
of the positively heliotropic Copepods. An increase in the 
concentration of the sea-water increased the positiveness^ 
and a decrease in concentrafion increased the negativencsSy 
of the Copepods. A few examples may serve to illustrate 
these facts. At +22° C. the Copepods were positively 
heliotropic. In the course of five minutes the temperature 
was raised to 2(r C, when the majority became negative. 
I continued to raise the temperature to 32° C, but the ani- 
mals remained negative. I then cooled the water. The 
animals became j)ositive when only 20° C. was reached, and 
remained so while the temperature continued to fall. The 
cIkdkjc in the temperature seems to be the important circum- 
stance in Co|)e[)od8 which changes the sense of heliotropism. 
In another experiment the Co[)epods were negative at 24° C. 
I cooled the vessel rapidly so that the temperature fell to 
21 C; nt this ]K)int a part of the animals already became 
positively heliotropic. At a temperature of 7° C. ail had 
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bec'ome positively heliotropic. Later, when the temperature 
again rose, they again became negatively heliotropic 

The addition of 80 jmrts of fresh water to 100 parts of 
normal sea-water made positively heliotropic Copepods nega- 
tively heliotropic; the addition of GO per cent, of fresh water 
made a number of them negative, and a smaller addition 
had little or no eflFect. 

Almost all negative Copepods became positively helio- 
tropic when introduced into sea- water to which 1.5 g. of 
NaCl had been added to each 100 c.c. of sea- water. After 
the detailed description of the behavior of the Polygordius 
larvsB these statements may suffice. 

7. I have already shown in my earlier papers on heliot- 
ropism that there is scarcely a heliotropic reaction in plants 
which cannot also be demonstrated in animals. This fact is 
again corroborated by the phenomena which we have de- 
scribed here. I quote the following from Strassburger's 
well-known investigation on the eflFect of light and heat 
upon swarm spores:* 

When I had [Hflematococcus] swarm spores before me which 
had collected, at the ordinary temperature of the room in which 
I worked (16-18" C.) at the positive edge of the drop, I was sure of 
being able to transfer them to the negative side of the drop, at the 
same light intensity, when I exposed the preparation to a tempera- 
ture of about i"" C. At this low temperature almost all of them 
went to the negative edge of the drop. On the other hand, I was 
almost as certain to find the most negatively heliotropic Ha»mato- 
ooccus swarm spores at the positive edgv) of the dmp when I 
exposed the preparation to a temperature of alx)ut 35 C. 

Only in the sign of heliotro[)i8m is then» n ditferciice in 
the' effect of heat on HiemattK'occus swarm sj)ores and Poly- 
gordius lar>'» and C<)j)ejK)ds. I consider it [Kissihle that 
animals may be found which become negatively heliotropic 
•when cooled. Massart* found similar [)henouiena in Flagel- 

1 Jena, 1873. p. 56. 

a Jean Massast, Bnlietin de I 'AccuUmie ntyale dc Bclgt:, Vi 1. WII a^^l). 
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lates. Chromalina approaches the source of light at 20**, 
but flees from it at 5° C. The sense of geotropism is also 
altered in an entirely analogous way, and we shall see in 
the next section that a. similar result is also obtained in 
Polygordius larvae. 

IV. DIFFERENCES IN THE MANNER OF LOCOMOTION BETWEEN 
POSITIVELY AND NEGATIVELY HELIOTROPIC ANIMALS 

Having seen how certain positively heliotropic animals can 
be made negatively heliotropic, let us ask whether another 
diflFerence, independent of the direction, can be discovered 
in the movement of positively and negatively heliotropic 
animals. Such a question can, of course, be answered only 
in animals which can be studied both in the negatively and 
positively heliotropic condition. 

The larva) of Limulus polyphemus are positively helio- 
tropic immediately after hatching from the egg. Later they 
are negatively heliotropic. The animals can creep as well 
as swim in all stages of their development. In fact, one can 
observe the animals executing both forms of movement in 
every stage of devt4()[)ment. In their heliotropic move- 
ments there i.s, however, a typical and constant diflFerence: 
the posffitu'ltj hcJioirojtic movcmcnis are always carried out 
htj atwimmin(j, the )ie(/afire1u helioiropic by crawling^ mo- 
{ions, Tht^ swimming movements are easy and graceful ; the 
walking movements, clumsy. I believed at first that this 
difference in the mannt^r of movement was dependent chieflv 
upon the fact that the rays of light fell into the vessel from 
above and without, and that in consequence the positivelv 
heliotn^[)ir animals were attracted to the upper surface. I 
do not believi», however, that this is a complete explanation. 
I had a chance to convince myself in the larvae of Polygordius 
that this difference in the manner of movement between 
positively and negatively heliotropic animals can exist inde- 
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pendently of the light. Polygordius larvse usually swim at 
the surface of the water when positive, while in their nega- 
tively heliotropio condition they usually creep along the 
bottom. When I introduced a large number of Polygordius 
lan'i© into a eudiometer tube filled with sea-water, and set 
it in a vertical position in a dark room, the lanae were not 
distributed equally in the tube after some time — in about 
twenty -four hours — but one collection was usually found at 
the surface of the water, and a second at the bottom. If the 
tube was now carefully and suddenly brought to the light, 
all the larvflB at the surface layer showed themselves to be 
positively heliotropic, while all the larvse at the bottom were 
negatively heliotropic. It could further be easily shown 
that positively heliotropic Polygordius larvae went to the 
surface of the tube when put into the dark room, while 
negatively heliotropic Polygordius larvro went to the lx>ttom. 
Further, positively heliotropic Polygordius larvse may, as 
has already been mentioned, be made negatively heliotropic 
by warming. When a eudiometer tube containing Polygor- 
dius larvfiB at its surface was warmed in a dark room, the 
larvfB went to the bottom of the tube. When the tube was 
cooled in the dark room, l)elow 7° C, all the larvro left the 
bottom and collected at the surface. Both the ascent and 
the descent of the larvcB are brought al)out by active swim- 
ming motions. It seems to me probable that the animal is 
not only heliotropic, but also geotropic, and that the sense 
of geotropism is always changed under the same conditions 
as the sense of heliotropism. Negative geotropism is asso- 
ciated with positive heliotropism, and [K)sitive gtH)tropism 
with negative heliotropism. Nevertheless, this difference 
persists, that the positively heliotropic animals (which at the 
same time are negatively geotropic) always sictni; while the 
negatively heliotropic animals (which are also jKisitively geo- 
tropic) lie or creep upon the l)ottom, and, it seems to me. 
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also swim less easily. It is, therefore, very possible that a 
more favorable condition for the liberation of energy accom- 
panies positive heliotropism, while a more difficult condition 
accompanies negative heliotropism. 

Finally, I shall mention a circumstance which possibly 
belongs to the same group of phenomena, and which first 
led me to investigate the effects of light on animals. During 
hard glacier trips I noticed that the fatigue which set in 
disappeared at once when I removed my snow spectacles and 
exposed my eyes to the full light. On the other hand, it is 
well known that the intense light of the snow-fields increases 
the fatigue when one is exposed to it for a long time. Light 
certainly has something to do with the liberation of energy, 
either facilitating it or rendering it more difficult; and it 
seems that in certain organisms it may call forth both kinds 
of effects under different circumstances. Whether these 
observations have any deeper significance or not is to be 
determined by further experiments. 

V. HELIOTROPIC AND PHOTOKINETIO ANIMALS 

1. Huxley states in one of his essays that plants must 
have a nervous system, l>ecause Darwin observed reactions 
in Drosera which in some points are similar to those in ani - 
mals. In view of the identity of heliotropism in animals and 
plants, the same reasoning would force us to assume that 
[)lants possess eyes. The only conclusion, however, which 
may safely be drawn from these facts is that the eyes owe 
their significance for sight, among other things, to a condi- 
tion which is found also in the skin of many animals and in 
[)lants; namely, elements which undergo certain, but at 
present unknown, changes through light. It is not even 
necessary that these elements be everywhere entirely identi- 
cal, either physically, chemically, or morphologically. As 
is well known, certain elements are present in our retina 



I 
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which move under the influence of light. If heliotropism 
exists in this case, it is possible that its sense varies. The 
difficulties which confront one in investigating this problem 
are greater than in the case of the Polygordius larvae. Even 
though one assumes that certain elements of the retina are 
heliotropic, nevertheless one of the important conditions in 
our sight — namely, the perception of diflferences in inten- 
sity — cannot possibly be attributed to heliotropic reactions; 
for we saw that heliotropic animals moved not only out of 
the dark into the light, but also in the reverse direction, if 
only the direction of the orienting rays remained the same. 
It is {X)6sible that the perception of differences in the inten- 
sity of light by our eyes depends upon sj)ecific elements of 
the retina which react especially to changes in the intensity 
of the rays of light. Be this as it may, there are certain 
animals which are not, or at least not very markedly, oriented 
by the rays of light; which are, therefore, not out8jx>kenIy 
heliotropic, but which react very promptly to differences of, 
more correctly, to changes in the intensity of the light. 
These I will term jihotokineiic^ animals. A sj)ecie8 of the 
fresh-water Planarian, for which I am indebted to Dr. 
Wheeler, is photokinetic. If the animals are put into a 
large dish of water, they creep about in every direction. 
They are not oriented by the light. Yet one observes a dif- 
ft»rence in the behavior of the animals, dejiending u|X)n 
whether they move from regions of more intense light to 
regions of less intensity, or the reverse. A decrease in the 
intensity of the light tends to make the animals come to 
rest, while an increase in the intensity increases their ten- 
dency to move. It thus hapjiens that these animals gradually 
collect in such places in the dish where the intensity of the 
light is a relative minimum. This phenomenon, and nt the 
same time the difference in the l)i»hnvior of such animals 

1 In German, unter$chi€*Uempßndlich 
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from the behavior of heliotropic animals, are best shown in 
the following experiment: AB (Fig. 66) is the plane of the 
window; abc, the vessel containing the animals. At one 
ix)int 6c the outer surface of the vessel is made impermeable 
to rays of light by means of black paper. It can easily be 
seen that at 6c a small section of the 
circle is not struck by the rays of light 

*.-' falling upon it from without. If the 

c/^ ^ Planaria at the beginning of the exper- 

\ J iment are brought to the window side 

a of the vessel, but so that they are not 

^^^*' ^ struck by the light, all, or almost all, the 

animals are found in a few hours, or on the following day, 
under the opaque paper 6c where the intensity of the illnmi- 
nation is least. If the same experiment is made with nega- 
tively heliotropic Limulus larvae, the larvaa move to the room 
side a of the vessel, and remain there permanently. It is 
clear, un,der these circumstances, that when these PlanarisB 
are left quietly for some days in a cylindrical vessel abed 
(Fig. 67), all the animals finally collect at the two sides c 
and (/, as was observed by Dr. Wheeler. Heliotropic animals 
in the same vessel either go immedi- 
ately to the window side a or the room ' 
side 6 of the vessel, and remain there. 
This mode of reaction to changes in 
the intensity of light occurs probably 
also in angleworms; perhaps, too, in * 

other animals. It is, moreover, pos- ^^®' ^ 

siblc that heliotropism and photokinesis are associated in 
certain animals' — a subject which I still wish to investigate.* 

1 K. f/., Spin>i;raphis spallanzanii. 

2 I hati prrviounly noticed that in some nnimaLs, which I at that tim© considen^ 
netrativrly lu'liotropic, tl»o typical holiotnipic oxiwriment did not snoc<*ed r«Ty wvll. 
1 attributtMl this to siTondary circumstances. 1 now consider it poeiii«ible, howt-vcr, 
that tht? •'XiM'rimtMit> which I «h'scribed, for example those on the lamp of br>«»tles, 
indicat' a^ nnicli tho existence of photokinesis as negatiTC hclliotropisin. I «.hall 
make furthrr »'xiH-riments in this dircctiuu. 
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2. Thöre are photokinetic animals which react more 
rapidly to changes in the intensity of the light than do 
PlariariauB, I noticed this form of reaction at Naples in 
certain Annelids living in tubes; for example» Serpula 
unci Data. The gills of the animals are often exfx^atjd to the 
Üght- When the hand is moved between the animals and 
the source of light, they quickly draw back into their tubes 
as soon as they are struck hy the shadow. In order to see 
whether positive and negative changes in the intensity of 
the light had the same effect, I made the following ex{>eri- 
ment; A gliiss aqaarinm which was closf^d. by a glass cx>Ter 
Wftfl set npon an isolated table about 2 m. distant from the 
window. Wir en I closed the shutters rapidly, the worms 
quickly withdrew into their tubes, much as does a snail when 
touched suddenly. The shutters did not close absolutely, 
and it was always light enough in the room to obst^rve the 
l^uumids* After some time the animals would again stretch 
ii3(|il their gills. Wlien I now suddenly oi)ened the shutters 
f|nirkh% the animals did not react. Even when the animals 
lifld withdrawn into their tubes, an increase in the intensity 
of I he light did nut again bring them out. It is therefore 
only the decrefific in the intensity of the light which acte as 
a stinmhts uiton the animals. One notice, however, that 
Iboi^ reactions cannot always be relied \i\yon, Andrews has 
noticed Buch reactions almi in Annelids whose gills are free 
fxoED eye» or eye-like organs.- 



VI, ON SOME PHYSlOlAXtlCAL CONDITIONS WHICH UETEB- 
II IKS THE DEI»TH-DIBTttIBUTION AND DEPTH -MIO EAT I UN 
OP MABIKE ANIMALS 

1* Investigations concerning the depth-distribution of 
murine animals seem to show that we meet with a consider- 
Lble amount of animal life only in two regions of the sea — 
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at the surface down to a depth of perhaps 400 m. and at the 
bottom of the sea. Some of the surface, or pelagic, animals 
show a periodical depth -migration. They come to the sur- 
face at night and move down during the daytime. In the 
Mediterranean, Chun found another migration of a greater 
period. Animals which always come to the surface in win- 
ter, or at least during certain hours of the day, live at greater 
depths in summer. 

The first experimental investigations on the cause of 
these depth- migrations were made by Groom and myself, 
and led to the conclusion that in the Nauplii of Balanus per- 
foratus heliotropism alone suflBces to account for the fact 
that they rise to the surface at night and move down daring 
the day.* These animals are positively heliotropic to weak 
light, but strong light soon makes them negatively helio- 
tropic. They are, in consequence, driven into the depths 
during the day from the surface of the water. They can, 
however, not go very deep, as the intensity of the light 
decreases with an increase in the depth of the illuminated 
layer of water, and becomes so weak at a certain depth that 
the Nauplii again become |)ositively heliotropic. They must, 
in consequence, again move toward the surface. As soon, 
however, as they again come into more intense light, they 
become negative again. It can therefore be easily seen why 
these animals do not go to the bottom of the ocean during 
the day, but are forced to remain in a layer of water which 
is not too far below the surface. When the light becomes 
weaker toward evening and in the night, the Nauplii are 
again forced to move to the surface of the water in conse- 
quence of their positive heliotropism. 

2. The question may now be asked whether (til animals 
which are found at the surface of the sea are constant Iv, or 
at least under certain conditions, positively heliotropic, I 

'Gu(H)M UND LoEB, BioUnjischts Centrulblatt, Vol. X (1890) 
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have made experiments on the small animals obtained in the 
surface dredgings at Woods Hole, on Copepods, and on the 
larvsB of crnstaceans, worms, and molluscs, and have thus far 
been able to find no pelagic animal of these classes whic^^ \ 
is not either permanently^ or at least at timeSy positively 
heliotropic} 

8. It would be incorrect, however, to assume that heli- 
otropism is the only condition for the depth -distribution of 
animals. Just as in the vegetable kingdom positive heli- 
otropism and negative geotropism often act together toward 
the same end, we must expect similar conditions in the ani- 
mal kingdom. In a paper on geotropism I have already 
shown that certain starfish and Actinians, which always live 
near the surface of the water, are compelled to creep con- 
stantly upward, owing to a peculiar form of irritability, and 
I have made it probable that this irritability is negative 
geotropism.* I have since been able to convince myself that 
in certain animals which would be forced by their positive 
heliotropism alone to go to the surface, other conditions are 
at work which co-operate with heliotropism. This is the 
case, for example, in the freshly hatched larvae of Loligo. 
These animals are constantly positively heliotropic, and, 
besides, live at the surface of the sea. ^JTien these animals 
are introduced into a long eudiometer tube filled with sea- 
water which is set up vertically, they move to the surface of 
the sea-water. As long as the eflFective rays of light fall 
into the tube from above, the positive heliotropism of the 
larvse would compel them to move upward. I found, how- 
ever, that the animals come to the surface of the water also 
in the dark room. Moreover, when the eudiometer tul)e is 
exposed to the light, with the upper part of the tube covered 

1 1 hATe eren found a joang pelagic fish at Woods Holo which is as proDouncodlj 
poaitiTelj bellotropio as the insect larm describ«>d in a prece<ling paper. I was not 
»ble to ascertain the species to which it belonged. [ 1903] 

J Part I, p. 17«. 
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with a cap impermeable to light, the animals which are very 
energetically positively heliotropic should not go under the 
dark cap. The latter does, however, actually occur. Hence 
another and more powerful circumstance is at work besides 
the positive heliotropism, and this might be negative geot- 
ropism. The temperature in the 
tube was everywhere the same in 
these experiments. The need for 
oxygen does not compel the animals 
to come to the top in these experi- 
ments, for when the eudiometer tube 
is filled entirely with water, and the 
FIG. 68 open end is turned downward into 

a larger vessel filled with water, the animals nevertheless move 
from this vessel to the cap of the eudiometer, and remain here 
even though fresh oxygen can reach the animals at this point 
only through diffusion from below. The significance of this 
negative geotropism (which I believe it to be) for the upward 
movement of the Loligo larvae is shown still more beautifully 
in the following experiment : AB (Fig. 68) represents a 
vertical section through the plane of the window; CD is 
a eudiometer tube filled with sea- water and closed with a 
cork. If the larvae at the beginning of the ex[)eriment are 
collected at the room side C of the tube, they all move io 
the window side D in consequence of their positive heliot- 
ropism, and remain there. If, on the other hand, the tube 
is so placed that it is at an angle with the horizontal — for 
example, in the position C,Z) — the larvae gradually but 
steadily rise by active swimming movements away from the 
window to the elevated end (\ and remain there. Tbey 
therefore leave the window side and go to the room side, in 
8]>ite of their jK>sitive heliotropism. To accomplish this the 
angle C\DC must in this case be not smaller than about 20"- 

1 Tho imiMTK of Wolf^an^r Ostwalti scorn, howi'ver, to indicate the possibilityO" 
a purely physical «>xpIauatioa of this exiieriment. [1903] 
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Of course, negative geotropism is not so cloeely linked 
with poaitivL* beliotropL^m in all ijelagie ammnls. If, for 
examplen, tht^ CoijepotlB nieiitioned in this pai>or are iiitro- 
ilueed into the eudiometer tube, atjd tlie U|)per eud is 
corerted with the opaque capsule, the atuitmb also rise in 
the tiil*e wheu tliey are positively heliotrupic. Tht^y do not, 
however, go under the ojiaque cap, as tin the Loligo larvae, 
but remam at the highest uncovered }iortiün of the tubev 
They therefore move uj^ward entirely, or at least mainlyi 
through their positive heliotropiBni. 

4 The effect of temperature ufiori the depth-migration 

And depth-digtrtbution of marine anlmala must yet be 

studied ex|>erinjen tally. We sfiw that the larva? of Poly- 

gorditiiä are? negatively heliotropic and |x»sitively geotropio 

at high temperatures, but become jjositively heliotropic and 

uegitively geotropic at lower tem|>eratures. The same traus- 

formatioti of heliotro|ii8m occurs in Copepods. It can 

oi'ttTcely be assumtKi that other animals will not show the 

JHÜ/g^ phenomenon. In water whose surface reaches a very 

high temjieratunj iji i^ummer such animals must disap[»ear 

daring that jK^iod from the surface, as the high tem[)era- 

ture makes them negatively heliotropic, and jH.*rhaf>s also 

[Ksilively geotropic. The negative heliotropism and yoBi- 

Jiri} geotropisDi drive these animals into the depths. As 

^^HK)n, however, as they reach cooler layers of water below 

the Burface, they again become pt>gitively heliotropic and 

negatively geotropic; they must then rise again until they 

havö reached (he warmer layers of water. Here they socm 

agAiu become negatively heliotropic, and perba|>s jxisitively 

geotropic, when they must again sink; and so on, lu this 

way ftüch animals are kept floating at a certain distance 

under the surface ut the water during the summer. When, 

howttTer, the temperature Ijet^omes sufficiently low in th« 

winter^ the animals may rise to the surface without becoming 

UqgBlively heliotrupic or pj^iitively geotropic. 
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Another condition must, however, be taken into con- 
sideration, which may have the effect that animals which 
are constantly positively heliotropic must leave the surface 
of the water at higher temperatures. As is well known, the 
processes of oxidation, and consequently the demand for 
oxygen, rise considerably with an increase in temperature. 
It is natural that when the demand for oxygen exceeds the 
supply, the animal can execute no, or only weak, swimming 
motions, and in consequence falls to the bottom. At any 
rate, the latter can, indeed, be observed at high tempera- 
tures. Loligo larvae which hold themselves at the surface 
by swimming motions sink passively as soon as the tempera- 
ture exceeds 30° C. 

In conclusion I wish to add that I made experiments on 
most of the animals mentioned in this paper with colored 
light, and found a universal confirmation of the fact, which 
I discovered before, that the more strongly refrangible rays 
of the visible spectrum are the most active heliotropically» 
as in the case of pleints. 



IX 

ON THE DEVELOPMENT OF FISH EMBRYOS WITH 
SUPPRESSED CIRCULATION» 

1. One of the methods which may lead us deeper into the 
physiology of development consists in removing one link in 
the chain of such processes in order to see how the further 
development is influenced by such a step. I recently came 
upon such an experiment, which I wish to detail in the fol- 
lowing pages. The experiment consisted in preventing, by 
a specific cardiac poison, the beat of the heart and the circu- 
lation of the blood in an embryo. I had, indeed, expected 
that under such circumstances the embryo would not die 
immediately, but I did expect that its further development 
would certainly be impossible. In this, however, I was mis- 
taken. Development went on in spite of the elimination of 
the activity of the heart ; in some cases as long as four days 
— which was nearly half, or one-third, of the duration of the 
embryonic stage. The consequences of the elimination of 
the activity of the heart are also in some ways diflferent from 
what one might expect. The observations have not been 
completed on all points because of the lateness of the season 
and lack of material, but I intend to fill in these ga{)8 next 
season. 

The ex{)eriments were made upon a marine fish, Fundu- 
lus, which is very common at Woods Hole. The eggs were 
fertilized artificially in normal sea-water. In order to 
prevent the action of the heart and the circulation in the 
developing embryo, the eggs were put, half an hour after 
fertilization, into sea-water to which a suflScient amount of 
potassium chloride had been added. Potassium chloride can 

» Pßügtn Arthiv, Vol. LIV (1893), p. 52S. 
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be called a specific cardiac poison only in so far as the heart 
can be brought to a standstill with a much smaller dose than 
is required to poison the remaining organs of the embryo. 

2. At a temperature of 20° C, and with a plentiful sup- 
ply of oxygen, the embryos of Fundulus develop in about 
twelve to fourteen days in normal sea-water. Under these 
conditions the heart begins to beat about sixty to seventy 
hours after fertilization. If Fundulus embryos four to six 
days old are placed in sea- water to which 1.5 g. of KCl have 
been added to each 100 c.c. of sea-water, the heart ceases to 
beat, and death ensues in about one hour, at the outside, 
in all the embryos. That the poisonous eflFect of the potas- 
sium is not limited to the heart is shown by the fact that the 
embryo becomes exceedingly restless before the heart ceases 
to beat. An entirely different series of phenomena ensues 
when the Fundulus eggs are introduced into the same salt 
solution about one-half hour after fertilization. The eggs 
develop in an entirely normal way, the embryos live until 
the fifth or sixth day, and the cramp-like movements do not 
set in. Furthermore, I noticed in a few of these embryos 
very weak and very slow pulsations of the sinus venosus ou 
the third or fourth day. 

This activity of the heart did not, however, appear in all 
the embryos, and when it did appear it did not last long. 
In no case, however, tras the beat of the heart sujficicfd lo 
cause a circulation of the blood. The circulation in the 
yolk-sac of the Fundulus embryo can be demonstrated more 
clearly and easily than the circulation in any of the ordinary 
preparations used for this purpose. 

In the normal embryo the circulation is very marked, even 
some seventy-five hours after fertilization; but it does not 
matter how long one waits in the case of the embryos poisoned 
by adding 1.5 g. of KCl to each 100 c.c. of sea-water — never 
did I succeed in discovering even the slightest indication of 



a circulation of the blood id the vessels. In spiUf nf ihis 
fa rt^ H corn p 1et( " c ir*c u It i it) rt/ h //« t( * m icna dr re toj w t / ith ich flttl 
fioi differ markf'fih/^ in regt ml to the dircethn and the 
brfiuching of the vessels in the embryo and in the tfolk-sae^ 
Jra m thtd of a Fn ntluln s em b njo dt ' rein^H^d in nor m (t I gea~ 
it{itn\ HeajJo of red- blood cor|m8clüB were fotind in the large 
bliKxUvessels, such as the arteries of the yolk at the jx>iiit 
where they leave the embryo, 

Tlie tmiHrrtant rrsnli of these ubservntions is therefore 
the fact that a complete I'dscuhir st/stem, which is protwibly 
identical in its main distribntiou and in its two vascular 
divisions with that found in the normal embryo, can be 
formed wit hont a circnlaiion, and therefore frilhnnl hlood- 
prensnre^ A difference lx^twt»en the two^ which als*> deter- 
oiiijes the limit of the jiussible identity of the vasc^olar »jb* 
t<?ms in the normal and abnormal embryo«, is found in this, 
that the himina of the vessels in the |ioisoned embryo are 
ceedingty irregular. The luuiea of a vessel is in extreme 
cases rosary-like, narrow and wide spots alternating with 
each other. This is due to the absence of a sufficient intra- 
vascular pressure. 

3* It might have been possible that a eircnlation lasting 
f^iifthort time hrul tH*en present which I did not dis- 
I therefore matle experiments with much stronger 
K(-l solutions -such in which not even a trace of cardiac 
activity ever ap|>t»ared- In extreme crises I addde<l 5 g. of 
Kri to 100 c,c. of sea -water, I had [»reviously ascertained 
that a four-day-old embryo which had develofied ijx normal 
si*a-water dies in two minutes in a 3 per cent. KCl Solution, 
Xeterthcle»^^ tlw fertilized etjgs develofwd iiormnUij in a 5 
jHT eetd. KCl solutian. They develojied for threo to six 
days, and formed — what is of interest to us here — a heart 
and a typical vainmlar system in the embryo and yolk-sac, 
On the other hand, the development of the embryo as a 
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whole was markedly retarded in this concentrated salt solu- 
tion, so that a definite judgment of the vascular system could 
be made only so far as the main stems and their branches 
were concerned. These main stems corresponded with the 
main stems of the normal embryo. Yet I was never able to 
discover even the slightest evidence of a heart-beat, much 
less a circulation. The lack of hydrostatic pressure within 
the vessels was particularly evident here from the irregularity 
in the diameter of the blood-vessels; nevertheless, a large 
number of branches, which gradually decreased in caliber, 
sprang from the main vessels. In this case^ therefore^ it is 
unquestionably true that the process of branching and the 
growth of the blood-vessels are independent of blood-pres- 
sure. 

4. The experiments with weak KCl solutions also deserve 
mention. In a series of experiments I added 0.25 to 0.5 g. 
to 100 c.c. of sea-water; normal development occurred in 
these solutions. The heart-beat and the circulation 
developed apparently normally. The control eggs, which 
had been taken from the same culture, but raised in normal 
. ea-water, completed their development in twelve to sixteen 
(lays, when the embryos hatched. They lived some four to 
six weeks after escaping from the egg. In the two KCl 
solutions, however, but one embryo, which lived for a day, 
hatched on the twelfth day in the 0.5 per cent. KCl solution. 
All the remaining embryos died between the twelfth and 
sixtt'enth day. Death unquestionably resulted from a 
poisoning of the heart, and not from a general intoxication. 

T). The experiments cited above show that a KCl solution 
of a (Ictinite constitution is the more ix)i8onous the older the 
embryo. One might think that the chemical constitution of 
the individual elements of the heart changes with develop- 
MHMit : l)ut how can we harmonize with this the fact, which 
}iMs been nirntioned above, that the heart of a four-to-tive- 
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days-old embryo comeB to a standstill, and the etubryo dies 
imiiiediately (that is, in less than an hour), in a 1.5 |>er cent, 
KÜ1 solntion, while an embryo of tht<t same a^e which has 
been kept in this Bolution from the beginning cuntinnes to 
live in it, and may even show slight evidences of a heart- 
beat? To say that the embryo adapts hseit or bt^comes 
accustomed to the poison gives us no new view of the ques- 
tion > Might it not be possible that the KCl is the more 
{Kjisonous the greater the work done by the heart in the 
unit of time, and in consequence the greater the chemical 
changes going on in it? 

According to this, it would be intelligible why a normal 
embryo, when put into a 1.5 per cent KCl s*.>lution, dies 
within a short time, while an equally old embryo which has 
grown np in the poisonous solution is alive at the same time» 
and can even show evidences of a heart- be at. The heart of 
the former beats strongly, while that of the latter works only 
faintly— so faintly, indeed, that the blu+jd does not even 
circulate. The embryo can live in a 0.5 per cent. KCl solu- 
tion as long as no great demand is made upon the activity of 
the heart. As soon as the heart begins to beat mure strongly 
At the time of matnrity, the embryo dies. This relation of 
the toxicity of the potassium to the development of energy 
in the protoplasm, or rather to the chemical changes deter- 
mining this development of energy, would ht>ld not only for 
the heart, but also for all the other tissues. The entire ques- 
tion could lie flecitled experimentally, if this has not already 
been done, 

6. All the remaining organs, e8f>eci(Vlly the brain, eyea^ 
ears^ and ma^^oblastic somites develop in the Fundulus embryo 
withiHit n circulation, without apparent anomalies. Only in 
one place, when^ no one has thus far suspei'ttnl it, did a dejtend- 
©nce on the circulation show itself in an unexpecit^i way — 
tfi ihe marking of the f/olk-sac^ and [xiäaibly (but I wish to 
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make further experiments in this direction) also of the 
embryo. The yolk-sac of the Fundulns embryo has a very 
characteristic tiger-like marking in the second week. Numer- 
ous chromatophores, which contain in part black, in part 
reddish-brown, pigment, develop on the surface of the yolk- 
sac of Fundulus. In the early stages of development, on 
the third day, no definite relation can be discovered between 
the circulatory system and the chromatophores. The 
chromatophores are scattered about irregularly upon the 
blood-vessels, and in the spaces between them. As soon as the 
circulation is established, however, the chromatophores begin 
to creep upon the vessels, and in the latter periods of the 
development, from the tenth day on, the chromatophores 
are no longer found in the spaces between the vessels, but 
have all crept upon them. But that is not all. The chro- 
matophores of the yolk-sac of Fundulus have the character- 
istic amoeboid appearance as long as they lie in the spaces 
between the vessels. Their diameter in any direction is 
greater than the diameter of an average-sized blood-vessel, 
and much larger than that of the capillaries. As soon as a 
chromatophore has reached a blood-vessel, however, it 
accommodates its entire mass to the surface of the blood- 
vessel, so that it finally loses its amoeboid appearance and 
apparently forms only a layer about the blood-vessel. The 
chromatophore cannot leave the surface of the blood-vessel 
after it has once reached it. This relation is most apparent 
where a blood-vessel branches. The chromatophore then 
branches in the same way as the blood-vessel. If the circu- 
lation of the blood is prevented by the addition of KCl io 
the sea- water, the chromatophores and the blood-vessels 
both develop, but the chromatophores do not creep up^^ 
the blood-vessels. The tiger-like marking of the embryo- 
sac of Fundulus is apparently, therefore, a function of the 
circulation, in so far as the chromatophores are compelled to 



spn^ad over the goifat^ of the vessels, in CDU9ei|üeiice per- 
lt a |)6 of a chemicfii stimulus. Whatever may lie the cause 
which comfjels the chromiitophores to creep ü|Nm the blood- 
vessels, my observations certain ly show that the distribution 
of the chromatophores, and therefore the marking of the 
^L^tolk'inac, is depcnflent ujMm the firnnigemmt of (he hhiitfU 
^^beitseh. I will uot enter U[>an this point in greater detail 
^Bere, as a se[>arate paper on this subject will appear in the 
^j^ournal of Mörphokjgif. I wish only to {joint out that this 
m the tirst c-ase, to my knowledge, in which the physiological 
eiplanatlon of the marking of an animal or^^an has tieen 
found. 

7, Nowhere will the mystic find a richer field of tinex- 
phiinable puriK>sefulne^s than in the developmental history 
I of th e h ighe rani ma Is. I n t h ese e ve r y t h in g a [i pa reu t ly comes 
into being at the right time and at the right s\yoU as though 
^h element knew what role it had to play in the whole, 
tie heart also begins to btmt. apjmrently, just at the right 
:)ment; and I always had the idea — and others will per- 
ijis have shared it — that if the activity of the heart were 
Iterfered with, development would stjon cease. Our experi- 
lents, however, show that, if we do not consider the extreme 
the development of an embryo in a KCl ^ution can 
f on normally for three days after the formatiun of the 
even though no circulation is established. This lati- 
tude for the time of the lx*ginningof the heart -beat is, when 
compared with the total time of development, very far from 
^^he precision exjjected of a clot*k-work, 
^B 8. In conclusion I wish to emphasize what aeeoiB to have 
^Heen definitely established by these exj^erimeots« anil what is 
^Ket to l>e determined by further experiments, I conBidor it 
^^ertain that the origin, the pathway, and the braucbiug 
of at least the larger blood-vesseb are independent of the 
blood- pressure. For this reason it m ix)66ible for a vascular 
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system, which is identical with the vascular system of the 
normal circulation in the points mentioned, to develop even 
in the absence of a circulation. The mechanical causes for 
the growth of the vessel-walls are, therefore, not to be sought 
inside the vascular lumen, but in all or in single cells of the 
vessel-wall. The giving off of branches is determined by 
internal causes acting within the cells of the vessel-wall, or 
through stimuli arising in their neighborhood which affect 
these walls as external stimuli affect the formation of stolons 
in Hydroids. It is possible, however, that the angles at 
which the branches arise from the main vessels do not corre- 
spond absolutely with the angles found in normal embryos. 
This point still remains to be investigated. Another ques- 
tion which I leave open is whether the circulatory system 
which is formed in the absence of a circulation is closed or 
not ; that is, whether the capillary branchings of the arteries 
of the yolk pass over into the capillary branches of the 
veins. Mere morphological study speaks in favor of this 
idea, but to settle this point definitely further experiments 
must be made. I consider it as certain that the tiger-like 
marking of the yolk-sac of Fundulus is dependent upon 
the vascular system. 



ON A SIMPLE METHOD OF PRODUCING FROM ONE 
EGG TWO OR MORE EMBRYOS WHICH ARE GROWN 
TOGETHER » 

1. In the eflFort to extend my work on heteromorphosis 
to the embryo, I have discovered a simple method of pro- 
ducing at will from a single egg two or more embryos which 
are grown together. My experiments were made on sea- 
urchins, but it is possible that they can be made with just as 
great certainty on every other holoblastic egg. Ten minutes 
after having been artificially fertilized in normal sea-water, 
eggs of Arbacia were introduced into sea-water to which 
100 per cent, of its volume of distilled water had been 
added. The eggs absorbed so much water in the diluted sea- 
water that their membranes burst and part of their proto- 
plasm flowed out. The eggs then consisted of two connected 
spheres of protoplasm (P and Pj , Fig. 69), as the extruded 
drop of protoplasm in consequence of its surface tension 
assumes a spherical form, as does the protoplasm remaining 
behind inside the membrane. As segmentation has not yet 
begun at this time, only one of the two droplets contained a 
nucleus (Fig. 69). Wlien after some time I returned these 
eggs into normal sea-water^ each of the two spheres of 
protoplasm developed into an entirely normal and complete 
embryo. 

In many cases the two embryos remained connected. 
More often, however, one of the embryos went to pieces in 
the course of its early development (in about the morula or 
blastula stage); and finally many double embryos were 
gradually separateil from each other, in consequence of their 

1 Pßügert Archiv, Vol. LV (18M), p. 525. 
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active movements in the blastula and gastrula stage. These 
latter isolated embryos continued their development nor- 
mally. In this way either separate or "Siamese" twins were 
formed from a single egg. It often happened that a repeated 
outflow of the protoplasm occurred, and then three or even 

a larger number of joined proto- 
plasmic drops were formed from 
one egg. In a number of cases, 
which was by no means small, I 
obtained, in consequence, joined 
triplets or quadruplets.* I suspect, 
however, that in the gastrula stage 
many of these multiple embryos are separated from each 
other through the active movements of the egg, as triplets 
are relatively rare in the pluteus stage. On the other hand, 
it was a simple matter to obtain double plutei in large num- 
bers.. All these double and triple plutei lived as long (about 
two weeks), and were as well and as complete in their fonn, 
as the plutei produced from a normal egg. 

2. As has already been mentioned, the eggs were intro- 
duced into the diluted sea-water before the beginning of 
cleavage, and as only one nucleus was present at this tim^i 
only one of tlie two drops of protoplasm contained a nucleus. 
Nevertheless, both drops developed into a complete embryo. 
How did the drop of protoplasm which was at first with^^^^ 
a nucleus obtain a nucleus? This happened in a very simlP^® 
way in the course of cleavage. Cleavage did not take pL^^^'^ 
in the S(m-water which had lx*en diluted 100 per cent., ItD^^ 
as soon as the eggs were returned to the normal sea-wa"Ä:^r» 
cleavage l)egan. The first line of cleavage was perpendL^'^' 
lar to the common diameter of both spheres (Fig. 70). ^iM^be 

JTh^'se facts have been quostionod by one author on the basis of inadeca.^^** 
and imi>f rfect oxi>«'rim«.nts made by him. DuriuR my exp<»riments on arti ti^'^' 
pnrthoK«Mi«'sis I havo had a chance to verify amply the statements made ia ""* 
paper. 
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cleavage sphere then developed in the normal way (Fig. 71), 
and finally a cleavage plane appeared in the extraovate 
(Fig. 72). 

In this way the nucleus becomes distributed through the 
egg. The further development is simple. The external 
form of the double sphere is maintained, while both parts 
divide into smaller cells; each of the two spheres forms a 
separate blastula cavity, which may communicate in certain 
cases, although they do not do this as a rule. The spheres 
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then continue to develop into gastrulse and plutei. I wish 
to emphasize especially that both embryos develop from the 
beginning as entire morulas and blastulsB, and that no half- 
formation of any sort appears. In other words, the develop- 
ment goes on as if two independent eggs had been laid side 
by side, or had been glued together, and each had cleaved 
and developed entirely independently of the other. The 
protoplasmic connection of the two double embryos acts, 
however, differently from the way the gluing together of 
two eggs would do, as is evidenced by the deformities in the 
skeletal parts of the two pluteL 

3. I have repeated these experiments with eggs in various 
stages of cleavage. Under these circumstances, also, the 
protoplasm always flows out in such a way that the cells 
xemain joined together and double spheres are formed. I 
«Iways obtained the same results, namely, doubh^ or multiple 
embryos. Only in the eggs which had developed very far — 
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for example, such as were ruptured in the sixty-four-cell 
stage — did I usually obtain something different, namely, 
abnormally formed skeletons. Nevertheless at times I ob- 
tained under these conditions also real "Siamese" twins. 

4. So far as the theoretical importance of these experi- 
ments is concerned, the following seems certain : As the burst- 
ing of the membranes and the flowing out of the protoplasm 
is a purely mechanical process determined by osmotic forces, 
no reason is at hand for assuming that qualitatively or quan- 
titatively the same constituents leave the egg in each case; 
according to direct observation, the opposite seems to occur 
with much more certainty. Nevertheless, the extraovate 
develops into a complete embryo. It follows from this thcU 
every part of the protoplasm can form an embryo. So far 
as the nucleus is concerned, the two spheres obtain entirely 
different constituents of the nuclear substance. Nevertheless, 
they develop in exactly the same way to similar embryos, as 
Driesch has already shown by other methods. Thirdly, my 
experiments show that the number of embryos which can 
arise from an egg is determined by the geometrical form 
which we give the protoplasm^ in so far as each completely 
or almost isolated sphere (or ellipsoid) of protoplasm deter- 
mines the formation of a separate blastula, and as the num- 
ber of blastulne determines the number of embryos. In this 
way I obtained last year double embryos from a normal e^'^g 
when I introduced it, in the two-cell stage, into somewhat 
concentrated sea- water for some time, in which it was unable 
to segment further. When I brought such eggs back into 
normal sea- water, each of the two hemispheres broke up into 
several cells at once. The cells of each of the hemispheres 
probably adhered to each other, but not to the cells of the 
other hemisphere, so that an isolation of the two hemispheres 
was obtained in this way. In one egg I obtained double 
blastula?. The method deserves to be worked out more care- 
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fully. Herbst has apparently observed the same thing in 
eggs which he raised in salt solutions which had a qualita- 
tively abnormal constitution. The experiments of Driesch, 
who found that when the separate cleavage cells are isolated 
in the four-cell stage, each of the cleavage cells is still able 
to develop into a completely normal embryo, can also be 
explained in this way. When the mass of the protoplasmic 
sphere becomes too small, the formation of a blastula, of 
course, becomes impossible on geometrical grounds alone, 
for the size of the cells probably does not fall below a certain 
minimal volume during cleavage. 

Even though these experiments can leave no room for 
doubt that an embryo may arise equally well from every part 
of the protoplasm and from every part of the nucleus, as soon 
as these parts are isolated to a certain degree, and can 
assume a spherical or ellipsoid form, the fact nevertheless 
remains that in many eggs conditions are apjmrently present 
which determine the position of the median plane of the 
. embryo and the further orientation of the various parts of 
the egg. These circumstances may, however, be purely sec- 
ondary in character, and may depend upon the mass and 
distribution of the nutritive yolk, the position of the micro- 
pyle, and similar secondary conditions. On the other hand, 
my ex[)eriments do not seem to agree with the assumption 
that each part of an egg can give rise only to a certain part 
of the embryo. 

5. We must now raise the question whether the forma- 
tion of twins or double embryos in mammals can come about 
ill a way similar to that described in these ex|)eriments. 
Driesch isolated individual cleavage spheres by rupturing 
the membrane through shaking. It is probably im()ossible 
that an egg can be ruptured in this way in the Fallopian 
tubes of a mammal. On the other hand, it may 1x3 possible 
that the scheme of my exjjeriments corresj)onds to natural 
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processes in the formation of twins. For I have found that 
from the moment of the entrance of the spermatozoon into 
the egg the osmetic pressure^ of the egg increases greatly. 
If unfertilized eggs are introduced into dilute sea-water, 
their volume increases relatively little. As soon as the sper- 
matozoon enters the egg, however, or when an egg which 
has just been fertilized is brought into the same salt solution, 
its volume increases very markedly, as I have determined by 
actual measurements. This fact shows that the spermatozoon 
brings about chemical changes in the egg which cause an 
increase in its osmotic pressure.* I will return to the dis- 
cussion of this point in my more complete description of 
these experiments. 

So far as osmotic pressure is concerned, great differences 
exist between the eggs from one and the same individual 
Even when the sea-water was only slightly diluted, a small 
percentage of the sea-urchin eggs burst ; and I do not doubt 
that this may occasionally happen in normal sea-water. 
Whatever may be the actual process in the formation of 
twins from one egg in mammals, it seems probable that all 
multiple formations from one egg are caused primarilj 
through complete or partial mechanical, or at least physical, 
division and isolation of the substances of the egg. 

1 Or rather, its power of absorbing liquid. [1903] 



XI 

ON THE RELATIVE SENSITIVENESS OF FISH EMBRYOS 
IN VARIOUS STAGES OF DEVELOPMENT TO LACK 
OF OXYGEN AND LOSS OF WATER» 

It is probable that the series of successive changes in 
form which we call the development of an animal embryo is 
accompanied by a corresponding series of physiological 
changes. While we are well acquainted with the changes in 
form, so far as their mere morphology is concerned, we know 
but little concerning the changes in the physiological reac- 
tions of the embryo in its various stages of development 
It is a well-known fact that the embryo has a greater vital- 
ity than the completely developed animals.' Systematic 
investigations, however, are lacking as to whether this vital- 
ity decreases steadily with the progress of the development 
of the embryo, and as to whether this decrease is the same 
toward different variables. In order to obtain an answer to 
these questions, I studied the relative sensitiveness of the 
fish embryo (Fundulus) to lack of oxygen and loss of water 
in different stages of its development. I found in general 
that the embryo is the more sensitive to kick of oxygen, the 
older it is. Yet the sensitiveness increases more rapidly at 
first than later. On the other hand, the experiments on the 
effect of withdrawal of water gave a totally different result 
The germ of the embryo is much more setisitive to loss of 
water in the first stages of its development (during cU*avage 
and before the beginning of the formation of the embryo 
proper) than after the formation of the blastoderm, and 
its sensitiveness decreases with the increase in the devel- 

1 P/lüoen Archiv, Vol. LV (1894), p. 530. 
aZüNTZ, PßÜQcn Archiv, Vol. XIV; nnd PflOgeb, ibid. 
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opment of the embryo. The details are given in the fol- 
lowing pages. 

I. THE RELATIVE SENSITIVENESS OP THE EMBRYO TO LACK 

OF OXYGEN 

1. The fact that embryonal development soon stops, and 
that the embryo dies without oxygen, has been shown to be 
true so often by experiment that it is not necessary to discuss 
it here.* I tried to determine, first of all, how long and how 
far development could go in various stages of development 
at the same degree of lack of oxygen; and, secondly, how 
long the embryo could remain exposed to the same degree of 
lack of oxygen in diflFerent stages of development without 
losing its power of development. The stages of development 
which were studied were the following: (1) the freshly fer- 
tilized egg; (2) the egg after the formation of the blasto- 
derm, but before the formation of the embryo, about twenty- 
four hours after fertilization ; (3) the egg after the beginning 
of the formation of the embryo, about forty -eight hours 
after fertilization (the embryo usually had at this time optic 
vesicles in which the lens was just being formed) ; (4) the 
embryo just after the circulation was established, seventy- 
two hours after fertilization ; and finally various later stages. 
The egg of Fundulus is especially well adapted to these ex- 
periments, because it is very tough, develops fully in the 
aquarium, and the fish hatches in the aquarium. The 
entire period of development takes in summer, at a tempera- 
ture of about 24° C, about twelve to fourteen days. 

The method used in these experiments was similar to that 
of Bunge in his well-known exi)eriment8 on the need of 
oxygen in lower animals." About 6 c.c. of potassium hy- 
droxide and pyrof^allol are put into a test-tube (according ^^ 
HeuipeFs directions). Into this test-tube is introduced » 

1 For the literature on this subject see Dl'sixo, Pßügerg Archiv, \o\.'^^^^^ 
2BCNOE, Zeitschrift für physiolouische Chemie, Vol. XIV, p. 322. 
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eeeotid smaller ono containing the egge and a littlp sea- water 
(abtnit 2 to 3 cx\). The oiiti^r tt*st-tiihe is then sealed. By 
putting splintt^rs of glass into tlio bottom of the outer test- 
tube the BmaLler test-tnbe is kept above the surf ace of the 
pynjgalloL This arrangement allows one to observe the 
eggs, and at the same time to shake the apparatus in <jrdi*r 
to accelerate the absorption of oxygen* In E?ome of the 
t*xj»eriments the sea- water in which the eggs were con- 
tained was boiled, in others this was not done* The result 
was, however, not very different in the two cases. Lack of 
|jro[ter lal>orntory facilities did not allow me, however, to 
study how rapidly and how completely the oxygen is absorbed 
by the pyrognllol in these experiments. But even if the 
abf^rption of oxygen was not complete in these experiments, 
it was nevertheless equnlbj incomplete in all the experiments, 
ince we are interested in our exixTinients only in the relaiire 
nsitivenc^^s to lack cjf oxygen, a quantitative determination 
of the oxygen absorbed was not al>solutely m^ceseary, if the 
lack of oxygen was only always the same. For the sake of 
brevity, 1 will designate the apparatus used for the alisorp- 
tion of oxygen as an "oxygen vacuum. ■■ The tem|>erature 
was Qsually 22-24^ i\ Fundulus eggs require a relatively 
high tem|*erature for their development. 

2, 8**me egga of Fundulus were introduced, one-half 
hour after (artiiiciid) fertilization, into a large number of 
tt*ftt*tubea from which the oxygen was abaorbed by the 
method given uliove. One of these sealed test-tuljes was 
ojitHHHl at different interval», and the eggs were compared 
with eggs from the same culture which had remained in 
normal st^a- water as a contmL It was found that cleavage 
oc*eurred in the oxygen vacuum, and at ürst even a little more 
nipidly than in normal sea- water. The latter waa, however» 
protmbly only the result of the riae in tempt^ratnre brt>üght 
about in melting the glass for the puq>oöe of si^aling the 
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tubes. After twenty -four hours a blastoderm was formed in 
all the eggs contained in the oxygen vacuum. Then, how- 
ever, development stopped entirely, while it continued, of 
course, in normal sea- water. Never was the beginning of an 
embryo formed in such a series of experiments in the oxygen 
vacuum. Development continued in the oxygen vacuum only 
to a point which would have been reached in normal sea- 
water in about fifteen hours. 

An egg that ceased to develop in an oxygen vacuum had 
not necessarily lost its power of development. When 
brought back into normal sea-water, it could continue its 
development; only it was necessary that the egg had not 
been left too long in the oxygen vacuum. Eggs which were 
introduced into the oxygen vacuum immediately after fer- 
tilization could continue their development after they had 
lain for four days in such a vacuum at a temperature of 
22° C If they remained in the oxygen vacuum longer than 
this, they lost their power of development for all time. 

In these experiments the eggs were contained in only 2-3 
c.c. of sea-water. One might think that this circumstance 
had affected the result. I therefore made control exi)eri- 
ments in which the eggs were kept in just as little sea- 
water; but in the presence of an abundance of oxygen. In 
these experiments the eggs developed in an entirely normal 
way. 

3. In the second series of experiments the eggs remained 
in normal sea-water for the first twenty -four hours after fer- 
tilization, and were then introduced into the oxygen vacuum- 
At this time a blastoderm, but no embryo, was formed. On 
the next morning an embryo with optic vesicles had formed 
in nearly all these eggs. The development of those egg^ 
which remained in the oxygen vacuum then came to a stand- 
still, however. Development, therefore, again continued iu 
the oxygen vacuum about as far as a fifteen-hour develop- 
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lit would have gone in normal sea-water. These eggs 
t their power of development in the oxygen vacuum 
lally after about forty-eight hours. The maximum that I 
aerved in one case was a continuation of development 
er a residence of fifty -five hours in the oxygen vacuum. 
I egg which is introduced into the oxygen vacuum twenty- 
ir hours after fertilization loses its power of develop- 
tnt much more quickly than an egg which is exposed 
the same degree of lack of oxygen immediately after 
iilization. 

If embryos are introduced into the oxygen vacuum forty- 
;ht hours after fertilization, the retardation of develop- 
nt becomes more apparent. The formation of the embryo 
3 already begun in these eggs, and the next elements in 
» further development of the egg would be the formation 
pigment and the beginning of the circulation. Pigment 
indeed formed, though less than normally, but no circula- 
n is established. After remaining for thirty -two hours in 
} oxygen vacuum, these eggs had lost their power of 
s'elopment also. 

Seventy-two hours after fertilization the circulation is 
ly developed in an embryo, when it is left in normally 
•ated sea-water; when at that time the embryo is placed 
o the oxygen vacuum, in about seven hours the heart - 
it becomes very weak. When such an egg was returned to 
rmal sea- water, however, the heart of the embryo began to 
it again vigorously almost immediately, at first slowly, 
t tht»n with so ra[)id an increases in the rate that the num- 
r of l)eats became relatively great in a few minutes. These 
^ lost their power of development in lack of oxygen in 
3ut twenty-four hours after introduction into the oxygen 
!uum. In no case did such an egg recover when it had 
aained for forty -eight hours in tlie oxygen vacuum. The 
ier the embryo, therefore, the more sensitive it is to lack 
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of oxygen. The young fish which had just hatched from 
the egg were still less resistant than the embryos. 

These experiments show that the sensitiveness of the 
embryo to lack of oxygen increases with development. This 
increase is very great at the beginning of development, so 
that a four-day old embryo, for example, has just as good, 
or even a better chance, for continuing its development when 
it has remained for all this time in an oxygen vacuum than 
when it has spent only the last forty-eight hours in the 
vacuum. This apparently paradoxical result is readily 
explained when we assume that the cells which are formed 
from the egg-cell during the first stages of cleavage are 
different chemically from the cells of the embryo which are 
formed later, so that the latter go to pieces more easily in 
lack of oxygen than the former. For this reason an egg 
which has just been fertilized may still be capable of develop- 
ment when it has spent four days in an oxygen vacuum, 
because it has developed only to the point of the formation 
of a blastoderm ; while an egg which is introduced into the 
vacuum after the formation of the embryo dies after forty- 
eight hours. We saw also that development can go on for 
about fifteen hours in the oxygen vacuum, especially in the 
first twenty-four hours after fertilization. Whether the 
conclusion can be drawn from this that cleavage can go on 
without oxygen, or that the oxygen was not completely 
absorbed in our experiments, must be determined by further 
ex{)eriments. 

II. THE RELATIVE SENSITIVENESS OF FUNDULUS EMBBIOS 
TO LOSS OF WATER* 

The development of the form of an embryo is a function 
of processes of cell-division and growth. Both classes oi 
])roeess(^s are, as in plants, so also in animals, probably a 
function of osmotic processes." An accurate knowledge of 

^ Th<!>4' 4'xiM'rinn*rits were made iu the summer of 1892, at Woods Hole. 
2Sre Parti, p. 191. 
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t"(m- (i»'[)eii{lence of processc^s of drveloj)uu'nt upon the amount 
of water contained in the cells is therefore desirable. 

After some preliminary experiments with sea- water, whose 
concentration differed comparatively little from that of nor- 
mal sea-water, had shown that the Fundulus egg is most 
remarkably independent of the concentration of the sea- 
water, experiments were made with sea-water to which had 
been added 5, 7.5, 10, and 20 g. of NaCl to each 100 
CO. of sea-water. Experiments were also made with nor- 
mal sea-water and fresh water as controls. Freshly fer- 
tilized eggs of Fundulus develop perfectly normally in 
fresh water as well as in sea- water to which 5 g. of NaCl 
have been added to each 100 c.c. (that is, 50 g. per liter). 
When 7.5 g. of NaCl were added to each 100 c.c. of sea- 
water, a blastoderm was still formed; but only rarely an 
embryo, and if so the embryo had dwarf dimensions, and its 
development stopped before the optic vesicles were formed. 
In solutions to which 10 per cent. NaCl was added no embryo 
was formed. The segmentation of the eggs started in this 
case also, and occurred at first almost as rapidly as in normal 
sea-water, but it usually ceased at about the thirty -two-cell 
stage. I expected that these eggs would retain their power 
of development for some time after this, similarly to those 
kept in an oxygen vacuum. This was, however, not the case. 
Freshly fertilized eggs of Fundulus lost their power of devel- 
opment permanently after six to ten hours at a temperature 
of about 24° C. in sea-water to which 10 g. of NaCl had been 
added to each 100 c.c. When 20 g. of NaCl are added to 
each 100 c.c. of sea-water, the power of development of 
freshly fertilized eggs was annihilated in about three to four 
hours. The first segmentations, however, took place in such 
eggs. 

When Fundulus eggs are introduced into a 13.5 per cent. 
NaCl solution (or, more accurately, sea-water to which 10 g. 
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of NaCl have been added to each 100 c.c), twenty -fonr 
hours after fertilization (before the beginning of the forma- 
tion of the embryo) not only an embryo is formed in these 
eggs, but the embryo develops every individual organ ; the 
heart-beats and the circulation are established, and the 
embryo shows motions after several days. It lives in this 
concentrated salt solution for ten to fourteen days. Only in 
three points did the development of such embryos differ 
from that in normal sea-water : the embryos grew much more 
slowly in the concentrated sea-water than in normal sea- 
water; secondly, the development of the individual organs 
was somewhat delayed ; and, finally, the yolk shrunk much 
more rapidly than under normal conditions. 

Only a relatively small percentage of the eggs which were 
introduced into concentrated sea-water twenty-four hours 
after fertilization were able to develop. When eggs were 
introduced, however, into the 13.5 per cent, solution forty- 
eight hours after fertilization, a larger percentage developed. 
After the third or fourth- day the eggs could he transferred 
from normal sea-water directly into a 27,5 per ce7it, NaCl 
solution without interrupting development! Development 
continued for about three or four days. The circulation was 
not interrupted, even though the beat of the heart had 
become somewhat slower. The velocity of development and 
growth was the less the higher the concentration.* 

We see, therefore, that the sensitiveness to loss of water 
is incom{)arably greater during the early |)eriod of segmenta- 
tion of the Fundulus embryo than later, and that even then 
the sensitiveness decreases somewhat with progressive devel- 
opment. The following exi)eriment is suited to show the 
great difference in the sensitiveness before and after the for- 

1 These experiments may perhaps find their explanation on the assumption that 
after twenty-four hours the permeability of the egg or the Rerm-cells is diminislw<i« 
and honco the NaCl cannot lon^jer enter fast enough in sufficient ooncentratioo to 
do harm. [1908J 



mation of the blasttKlerni, Some eggs were introciuoed into 
the 13.5 f)er cent* solution one hour after fertilization; after 
five hours* cleavag** had gone on in these eggs to about the 
thirty-two-cell Btage. Half of these eggs were then returned 
to iiomial sea -water, while the remainder were left in tlie 
©ancentrated solutions* Three hours later the latter had lost 
their power of development, with the exception of three 
among hundreds of specimens. The other portion of the 
eggB^ after having remained for eighteen hours in normal sea- 
water, were returned again to the 13.5 per cent, NaCl solu- 
tion. A large percentage of these eggs formed embryos 
which remained alive in this concentrated solution for more 
than ft week« 

A remarkable phenomenon was observed in the embryos 
which develo|K?d in the very concentrated eolotions; namely, 
that the maximum concentration of the sea-water in which the 
embryo is able to develop completely is much higher than the 
maximum of the solution in which the fully developed embryo 
is able to hatch from the egg. When normal Fundulus em- 
bryoe are introduced in the second week of their development, 
into sea-water to which 10 percent. NaCl was added they con- 
tiime their development, but they do not hatch, but die 
within the egg. This phenomenon shows itself still more defi- 
nitely when more dilute solutions are used. If 5 g. of NaCl 
ape added to 100 c,c, of sea- water, the embryos develop in a 
tiarmal way in this solution, and remain alive for more than 
five weeks without hatching. If, however, the eggs are intro- 
duced into normal sea-water as soon as the embryo is fully 
developed (after about two or three weeks), the embryo 
hutches in one or two days. This fact may Ije connect-ed in 
some way with the fact that the fish which has just hatched 
is itiiire fiensitive to the concentrated sea* water than the two- 
day-old embryo, Tlie former dies in a 13.5 i^er cent NaCl 
BolutiL>n in lese than twenty-four hours. It can live, how- 
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ever, in a 6.5 per cent, solution. In fresh water the embryos 
hatch just as rapidly as in normal sea-water. The fish is 
able to live in fresh water. 

I know of no other animal which is able to stand such 
great and sudden variations in the concentration of the sea- 
water as the Fundulus embryo. The question might arise 
whether this depends upon a peculiar characteristic of the 
egg membrane or the protoplasm. It can be shown that the 
protoplasm is relatively insensitive to variations in concen- 
tration, while diffusion through the egg membrane occurs 
very promptly. In order to prove the latter I have to call 
attention to my earlier experiments on the action of KCl 
upon the Fundulus embryo.* The addition of 3 g. of KCl 
to 100 c.c. of sea-water brought the heart of one of the older 
Fundulus embryos to a standstill in a minute. A consider- 
able amount of this salt must, therefore, diffuse through the 
egg membrane in a very short time. That the protoplasm is 
very insensitive to variations in concentration can be shown 
on the spermatozoa. I convinced myself, first of all, of the 
fact that the unfertilized Fundulus egg can form neither an 
embryo nor segment. I then introduced eggs, under bac- 
teriological precautions, into sea-water to which 5 g. of NaCI 
had been added to 100 c.c. When I added spermatozoa to 
so concentrated a solution, the eggs developed as in normal 
sea- water. The movements and the power of fertilization of 
the spermatozoa must, therefore, be retained in such a solu- 
tion. The spermatozoa also retain their power of fertiliza- 
tion in fresh water. I believe also that they still penetrated 
the egg in a 13.5 per cent, solution. I neglected, however, 
to follow this experiment more accurately, and so must leave 
this fact undecided for the time being. The fact that the 
si^ermatozoon retains its functions in an 8.5 per cent NaCi 
solution is sufficient, however, to show that the independence 

1 Part I, pp. 297, 298. 



Relative Sensitiveness op Fish Embryos 319 

of the Fundulus embryo to rapid and great variations in the 
concentration of the sea-water must rest (at least partly 
[1903]) upon properties of the germ-plasm. 

I will not try to say, however, what condition determines 
that the sensitiveness to loss of water is much greater during 
the process of cleavage than during the formation of the 
embryo. 

III. CONCLUDING REMARKS 

The experiments which have just been detailed were made 
with a view to obtaining further data for a theory of embry- 
onal organization, or — as this is ordinarily termed — for a 
theory of heredity. It seems to me that some of these 
theories — for example,Weissmann'stheory of determinants — 
assume more for the germ-plasm than it contains. According 
to this theory, things are already definitely determined in 
the germ-plasm which, to my mind, are functions of circum- 
stances that first make their appearance in much later stages 
of development. To give an example: According to the 
theory of determinants, one would have to imagine that the 
marking of the yolk-sac of Fundulus is already prearranged 
by the spatial grouping of the determinants in the germ- 
plasm which are responsible for the marking, while I found 
that the marking is produced by the protoplasm of the chro- 
ma tophores being compelled through its ''chemotropism" to 
spread over the surface of the blood-vessels. The formation 
of blood-vessels, as well as the formation of pigment-cells, 
may perhaps be traced back to the original germ, but the 
spatial arrangement of the pigment-cell is, as we have seen, 
the effect of a stimulus which the fully developed vessels, or 
rather the blootl which they contain, exercises upon the fully 
developed chromatophores. These facts led me to the idea 
that the chemical circumstances determining organization 
do not all exist ready-formed in the germ-plasm, but arise 
gradually in the different stages of development The 
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development of an embryo would, according to this, be in a 
physiologico-chemical sense an epigenesis and no evolutioiL 
In order to test this idea, I made experiments on the rela- 
tive sensitiveness of the embryo in the various stages of its 
development. I thought that sudden changes in the sensi- 
tiveness during the transition from one developmental stage 
to another would speak for epigenesis. Such a change in 
reaction was, indeed, found in the experiments on loss of 
water. 

I have begun experiments similar to those on Fundolns 
on Perca fluviatilis. The physiological reactions of the 
embryo of Perca are, however, very different from those of 
Fundulus, as was to be expected from the beginning 



XII 
ON THE LIMITS OF DIVISIBILITY OF LIVING MATTER« 

1. The progress which has been made in physics and 
chemistry as the result of our modem conceptions of mole- 
cules and atoms suggests the possibility that a more definite 
insight into the limits of divisibility of living matter might 
also be of importance for the development of physiology. 
As a criterion for *'living matter" we might use the irrita- 
bility or spontaneity. But as the "spontaneity" of living 
matter is in its simplest form (in Amoebse) apparently not 
different from the physical phenomenon of spreading, for 
this criterion the limits of divisibility of living matter coin- 
cide with the limits of this purely physical phenomenon. 
But spontaneity is neither the deepest nor the most essential 
life-phenomenon; development — or, in other words, growth, 
organization, and reproduction — occupies this place. If we 
ask how the ultimate elements of living matter are con- 
stituted which still i)ossess the specific morphogenetic prop- 
erties, the excellent papers of Nussbaum give us a qualitative 
answer. This investigator found in experiments on the 
divisibility of an Infusorian, Gastrostyla, that only such 
pieces are able to regenerate into a complete animal as con- 
tain nuclear material. 

For the preservation of an Infusorian it is immaterial whether 
it is divided longitudinally, transversely, or obliquely; if only a 
portion of the nucleus is retained, the fragment regenerates into its 
original form in less than twenty-four hours, depending upon the 
temperature. As soon as twenty minutes after division the cut 
edges form new cilia, and upon the following day each of the 
pieces containing nuclear material possesses from foiu* to six nuclei 
and nucleoli, and all the ciliary appendages characteristic of the 
species.^ 

I Pflügen Archiv, Vol. LIX (18W), p. 379. 

SNCAttBACM, Archiv für mikrottkopische Anatomic, Vol. XXVI, p. ."»14. 
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A piece without the nucleus "cannot develop into the 
form characteristic of the species, and growth does not 
take place." Yet a piece without the nucleus, as Nuss- 
baum found, can move for a long time ; nuclear substance 
is, therefore, not necessary for ''activity" or "spontaneity." 
Nussbaum draws the following conclusions from his ex- 
periments: 

(1) Nucleus and protoplasm can live only when united; isolated 
they die after a longer or shorter time. (2) For the maintenance of 
the morphogenetic energy of a cell the nucleus is indispensable. 
(3) Each of the energies produced by a cell depends upon a sub- 
stratum that can be divided. 

If I understand Nussbaum correctly, the latter statement 
means that a part of the nucleus and of the protoplasm 
is sufficient to render possible all the life-phenomena of 
the cell. 

Finally, I wish to quote also the following from the 
work of Nussbaum: 

The cell is not the ultimate physiologic imit, even though it 
must remain such for the morphologist. We are, however, not able to 
tell how far the divisibility of a cell goes, and how we can determine 
the limit theoretically. Yet for the present it will be well not to 
apply to living matter the concc»ptions of atom and molecule» which 
are well defined in physics and chemistry. The notion micella 
introduced by Nägeli might also lead to difficulties, as the pn)i)- 
erties of living matter are based ujxju lx)th nucleus and proto- 
plasm The cell consecjuently represents a multiple of 

individuals. (P. 522.) 

The conce[)tion which we must therefore form of the 
nature of the simplest elements of living matter cai)able 
of development is this, that it consists of a system of at 
least two different substances, of which the one is con- 
tained only in the nucleus and the other only in the pri>to- 
2)lasm. The exi)eriments of Nussbaum have l)een rep^ftted 
and amplified by a large number of careful observers. 
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Nussbaum^s observations and conclusions were, so far as I 
know, corroborated in every particular. 

2. In all these experiments the answer as to the quanti- 
tative limits of the divisibility of living matter has not 
been obtained. It is of great importance, however, to have 
a clear idea of how large the smallest piece of nucleus and 
protoplasm is that is capable of development. Is it of the 
order of magnitude of two or more micellae, or is it of the 
order of magnitude of a considerable fragment of the cell? 
I have tried to obtain an answer to this question in the sea- 
urchin egg. Pflüger has stated already that the egg which 
had been considered as a unit can give rise to many indi- 
viduals.* The experiments of Driesch, which we shall men- 
tion immediately, and my own experiments on the produc- 
tion of double and multiple embryos from a single egg, 
correspond with the views of PflOger. The question, there- 
fore, naturally arose as to hoto many embryos can arise from 
an egg, and to determine in this way the limits of the divisi- 
bility for one kind of living matter; namely, the egg. The 
BimjJest way of determining what fraction of the substance 
of the sea-urchin egg is still able to develop into a normal 
embryo seems at first sight to be that in which one of the 
cells of the egg in various stages of cleavage is isolated, 
and the last stage in which a single cell is still able to 
develop into a pluteus is determined. (The eggs cannot 
usually be kept beyond the pluteus stage in an aquarium.) 
The cleavage cells become smaller as cleavage progresses 
and the number of cells increases into which the egg divides. 
In another connection Driesch has shown that one of the 
cells from the four-cell stage of the sea-urchin egg is 
still able to develop into a pluteus.* For our pur[x>8es, 
however, the methods and results of Driesch cannot be un- 

1 Pßügcr* Archiv, Vol. XXXII, p. .■i62. 

SDUBACH, ZeiUchri/t für ttismmtcha/tlichc Zoologie, Vol. LV, pp. 5 ff. 
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reservedly employed, as it is questionable whether one of the 
cells of the eight- or sixteen-cell stage can really be con- 
sidered as identical with the eighth or sixteenth part of 
the unsegmented egg. It is possible that through the 
process of segmentation the substance of the egg is sepa- 
rated into unhomogeneous parts. It is further possible 
that the metabolism during segmentation changes the 
material contained in the various cleavage cells unequally. 
This might result, for example, in this, that one of the celb 
of the eight-cell stage would no longer be able to develop 
into a complete embryo, while one-eighth of the same egg 
before chavage might have been able to form a complete 
embryo. A short time ago I published a method which 
enables us to divide the unsegmented fertilized egg into small 
pieces capable of development.* The method consists in 
bringing the sea-urchin eggs, after fertilization, into sea- 
water which has been diluted through the addition of 100 
per cent, of its volume of distilled water. The contents 
of the egg absorb water rapidly, and the thin egg-membrane 
ruptures at one or more points; a portion of the proto- 
plasm flows out of these ruptures, which assumes a spheri- 
cal form, and usually remains connected with the egg. 
(Fig. 74.) When the eggs are returned to normal sea- 
water, they begin to segment, the extraovate as well as the 
proto[)lasm which has remained in the egg form se{)arate 
blast uke, and twins result from the egg. These may 
eitlier remain attached to each other or separate later on. 
Tlie latter usually occurs. It is possible, however, that 
not only two but several protoplasmic drops may exude 
from the egg, and in this way more than two embrj'os may 
develop from one egg. Finally, in some cases where only 
one extraovate exists, a separation of groups of cells may 
occur during segmentation which leads to the production of 

1 Pßügers Archiv^ \o\. LV; and BioUxjical Lecture» Deiivertd at Wood» Bai^ 
1893 (Bostou: Giuu & Co.). 
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more than two embryos from an egg. If the eggs are made 
to buret before segmentation begins, only one nucleus is 
present, and in consequence either the contents of the egg 
or the extraovate must be without a nucleus. I have already 
mentioned in my earlier papere that in the couree of the 
segmentation nuclear material gets into that portion of the 
protoplasm which was originally free from it. Occasionally 
the extraovate is cut ofiF before nuclear division occurs. 
Nevertheless, cleavage occure. From the observations of O. 
and R. Hertwig and of Boveri we may assume that in these 
cases a spermatozoon has entered the protoplasm. The 
nuclear material which is introduced in this way suflSces to 
inaugurate the process of cleavage. 

3. In these experiments it is natural, of couree, that the 
extraovate, as a rule, does not contain exactly one-half the 
mass of the egg. Those cases in which the extraovate and 
the contents of the egg differ greatly in size are well adapted 
to decide how large an amount of the egg-substance is just 
sufficient to give rise to a normal pluteus. I followed the 
development of selected individual eggs with their extra- 
ovates in a drop of water contained in a moist chamber. I 
also examined very carefully from day to day cultures of 
such eggs kept in large vessels, and determined the size of 
the smallest pluteL Finally, I studied also from day to day 
the fate of these small fragments. The results of these ob- 
servations, which I pureued uninterrui)tedly for two months 
last year and again for two months this year, were very defi- 
nite, and may be expressed as follows: 

a) The smallest normal plutei which arose from fragments 
of an egg were linearly about half the size of the plutei aris- 
ing from a whole egg of the same culture. Their volume — 
their density being considered the same — was therefore about 
one-eighth of that of a normal pluteus. 

6) Smaller fragments of an egg than these develo[)ed into 
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blastulae and reached the gastrula stage later than the larvaö 
formed from entire eggs. In the most favorable case irregu- 
lar precipitates of calcium salts were formed, but the changes 
of form characteristic of the pluteus stage 
did not occur. These monsters did not 
develop beyond the spherical form of the 
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gastrula. They lived, however, as long as the normal 
plutei, and, so far as motility was concerned, were comparable 
to normal embryos. 

4. I will now enter upon these observations in somewhat 
greater detail, and will use for this purpose a series of draw- 
ings, all of which were made with the camera lucida at about 
the same magnification, Fig. 73 gives the form of a normal 
fertilized egg with its membrane. Fig. 74 gives the form of 
an i^^^ with the extraovate E which has burst in sea-water. I 
have described, in a former paper, the first processes of 
cleavage which occur in such an egg. We will now follow 
the development of multiple embryos from such an egg. Fig- 
75 shows a bursted egg in the twelve-cell stage. It can be 
seen that the micromeres form a bridge between the extrao- 
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vate and the egg. Four hours later this egg was in the 
condition shown in Fig. 76. The cleavage cells lying within 
the egg in Fig. 73 have developed into the blastula c. The 
micromeres and the large cells inclosed between them in Fig. 
75 have developed into a misshapen mass of cells d in Fig. 
76 ; each two of the four large cells of the extraovate have led 
to the development of the separate blastulsd a and b, so that 
we obtained from this one egg three blastulsB and a mass of 




FIG. 77 fig. 7H 

shapeless cells.* Fig. 77 shows the same egg twenty-four 
hours later. The largest of the blastulae c, which has remained 
within the egg-membrane, has developed into a gastrula, 
while the two smaller blastulae a and fc, which have remained 
outside the egg, have developed no further. A short time 
after this drawing was made all four pieces began to swim 
about in the drop. The formation of the blastula therefore 
occurre<l at the same rate in the smaller masses as in the 
larger one. I may add that it also occurred at the same rate 
as in the eggs whose membrane had not burst. One notices, 
of course, that eggs which are placed into dilute sea-water, 
and consequently go into "water rigor/' do not all recover 
and l>egin to segment at the same time after they are returned 
to normal sea-water. Under these conditions an extraovate 

« It ofti»n hapi)en(H) that the crils of tho oxtraovato formwi not ono, but two or 
mor«*. blastuln*. The sliding: motions of th<* colU are not n*strictecl in thr oxtraoTat«, 
ami c.in th»*reforo load to various i^ronpinffs of the ci«U-ma.ss#»8. In^iido of thovKK- 
in«*nibrant» this origin of twins nl!»o occurs, but mon» rarf»Iy. The membrani» ri'strict"« 
tho r>li<linic motions of the cells. I shall discuss this question in greater detail later 
ia a paper on tho formation of doable embryos. 
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may begin to segment somewhat later than the rest of the 
egg. The influence of the quantity of the egg-substance 
upon the formation of the gastrula is, however, an unques- 
tionable one. The substance which remained within the egg 
has developed in Fig. 77, twenty-four hours after fertiliza- 
tion, to the gastrula stage. According to Fig. 75, its mass 
is about twice as great as that of each of the two blastnke 
which arose from the extraovate, and which at this time had 




FIG. 79 
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not yet reached the gastrula stage. I have observed this 
over and over again ; as, for example, in Fig. 78, where the 
Roiall extraovate h has formed a blastula, while the rest of 
the egg a has formed a gastrula. The cultures kept in a 
drop of water always died in the course of the second or 
third day. The large pieces reached the pluteus stage dur- 
ing this time, while the smaller pieces remained in the blas- 
tula or gastrula stage. In order to follow the further fate of 
these small fragments of the egg after the second or third 
day, I had to rely on the material from the cultures kept in 
the larger dishes. Figs. 71)-83 represent the relation Ix'twet n 
mass and development in a culture two days old. Fig. ^^ 
shows the size of a fertilized but undeveloped egg of this 
culture two days old; Fig. 79, the size of a pluteus that had 
develofjed from an entire egg, which, however, had beeu 
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snbjected to the same treatment with dilnte sea- water as the 
pieces which are about to be described. Fig. 80 is a double 
embryo which had arisen from a bnrsted egg. The two 
embryos are unequal in size, and the larger is ahead of the 
smaller in development in so far as a deposition of needles of 
calcium carbonate has 
begun in the latter. 
Both, however, are 
less developed than 
the pluteus which has 
arisen from a whole 
egg. Fig. 81 arose 
from A fragment 
which was smaller 
than half the egg of 
Fig. 73. It is an 
early gastrula stage. 
Figs. 82 and 83 are 
still smaller frag- 
ments of an egg, 
which have, however, 
reached only the blas- 
tula stage. These ex- 
amples are not 
especially selected, 
but they represent 
only what the observ- 
er will find in any sample from such a culture. 

Do these small pieces develop to the pluteus stage ? Two 
days later I found the conditions in this culture as shown in 
Figs. 84-87. Fig. 84 is one of the smallest fragments living 
at this time. It is only a blastula. Fig. 85 represents a 
larger piece in the gastrula stage, but without any evidence 
of a skeleton. Fig. 86 shows the smallest pluteus; Fig. 87, 
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a medinm-sized plnteos which arose from a whole egg. If 
the linear dimensions of both plutei are compared, we find 
that they are about in the relation of one to two, which at 
equal density would correspond to a relation of their masses of 
one to eight. The smaller fragments generally do not go 
into a normal pluteus stage, but form only irregular needles 
of calcium salts, retaining, however, the spherical shape of 
the young gastrula. Figs. 88 and 89, for example, are such 
gastrute five days old from the 
culture under discussion. Fig. 90 
is a smallest pluteus of the same 
age. These gastrulse with skeletal 
needles may grow, but their extep 






FIG. 88 FIG. 89 FIG. 90 

nal form usually remains unchanged, and the skeleton remains 
abnormal. Finally, I should like to add a few words regard- 
ing the fate of such misshapen heaps of cells as shown in 
Fig. UhL Tlieir outer surface forms cilia, like that of nor- 
mal embryos, and like the latter they move with great 
rapidity in the aquarium; they seem to live as long as the 
plutei. These groups of cells represent free-swimmin;^ 
tumors, teratomas, which have arisen because of sliding' 
mentions of cells which could occur on a larger scale on 
account of the lack of a membrane. 

5. We have seen, therefore, that the smallest pluteus with 
normal shape which arose from a fragment of an egg hail 
about one-eighth the volume of the normal average-siztni 
] »Intens which sprang from an entire egg. I may add that 
I have never observed smaller normal plutei than this. In 
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letermining the limits of divisibility of living matter, it is of 
Importance to decide whether such a pluteus arises from a 
piece of an egg the mass of which amounts also to one- 
3ighth of that of the total egg. We must therefore know 
whether the embryos originating from fragments of an egg 
prow more rapidly or more slowly than those which arise 
trom an entire egg. Now, as I have mentioned before, it is 
a general rule that the smallest pieces after having attained 
the blastula stage develop less rapidly than those which are 
formed from an entire egg. In my earlier experiments on 
growth and regeneration in Tubnlaria I found that develop- 
ment and growth are functions of the same variables; there 
zau be no doubt that to a certain extent development is only 
% function of growth. It is therefore probable that the 
3mbryo arising from a small fragment of an egg grows less 
rapidly than that arising from an entire egg. It is therefore 
dso probable that a pluteus the mass of which amounts to 
3nly one-eighth of that of a normal pluteus has developed 
from a fragment of an egg which contained more than one- 
?ighth of the substance of the entire egg. I will, however, 
aot deny the possibility that a later observer may perhaps 
Snd a still smaller pluteus, even though the large number of 
my experiments renders this scarcely probable.* But I 
believe that even in such a case the limit which I have given 
w\\\ suffer no great reduction. The divisibility of the egg is 
therefore very limited, if one demands that the fragment 
shall develop into a pluteus. 

(). So far as my present experiments are concerned, I am 
tiot yet able to say where the limits of divisibility lie, when 
it is only required that the piece develop into a blastula. 
The tiniest pieces of isolated egg-protoplasm still divided if 

1 BoTcri has since stated that he fouiul a pluteus whose linear dimensions wen« 
•m\y one-third of those of a normal pluteus of tht> sumo culture. Ihit a> a sli^'ht 
retardation in the growth of the arms may easily lea<l tn such a result. I think that, 
>n the whole, the limits ob>t»rve<l by me in many exix'rinienis will b.« n -arrthe tr th 
iian the one exceptional observation made by Boveri. [ VXiR\ 
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they contained nuclear substance. So far as I was able to 
see, very small pieces developed into blastulae. It is prob- 
able, therefore, that the egg can be divided much further 
when we wish only blastulae to develop than when we wish 
the fragments to reach the pluteus stage. It seems prob- 
able, however, from my observations, that the blastula must 
have attained a certain size before it is able to develop into 
a gastrula, so that the limit for the amount of egg material 
necessary for development into the gastrula stage is probably 
greater than that necessary for the development of a blastula. 
7. We can here, in passing, answer a question which we 
have touched upon before, but which does not necessarily 
belong to our subject, namely: Do qualitative changes of a 
sufficiently profound nature occur in the cells during seg- 
mentation (besides the mere increase in their number), 
which interfere with the divisibility of the egg? As has 
been said, Driesch was able to convince himself that an iso- 
lated cell of the four-cell stage could still develop into a 
pluteus ; but this seems not to have been possible when he 
isolated one of the cells from the eight-cell stage. He 
attributed this, very correctly, to the amount of substance 
present. Others, however, were inclined to conclude froiiv 
such experiments that in the eight-cell stage the diflFerentia — 
tion in the individual cells had progressed so far that the^ip' 
could give rise only to individual tissues, but not to enti i » ' ^^ 
embryos. But it is apparent that the limits of divisibility^ 
of the egg in Driescli's exjx^riments harmonize with thos- — -= 
found in my own. If, therefore, one of the cells from th --* 

eiglit-cell stage is no longer able to develop into an entii ' 

embryo, this is to V)e attributed to the fact, as shown by m —} 
ex{)eriments, that the amount of material present in one ce — W 
in tliis stage does not suffice to form a pluteus. Besidi^=^ 
this, of course, a diflferentiation might have occurre^l in tk 'Me 
cells. I have made ex|)erinients which show that this canu «^/ 
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be the case to a etifficient extent to interfere with the devel- 
opmeTit. Fertilized t^ggs of Arbacia wert) kopt in normal 
6ea*water until they had reached the eight-, sixteen-» and 
thirty-two-c43ll stages, when the e^fgs were put ioto water 
which had been diluted to a sufficient extent. The mem- 
brane burst, und a (Mjrtion of the egg contents tlowed out, as 
in the ease of tlic unfertiliased egg, only with this difference, 
that in this case the extraovate consisted of a larger number 
of cells* Nevertheless, the result was the same as in eggs 
which were made to burst before cleavage had begun. When 
the separated pieces were sufficiently large — greater than 
one-eighth of the entire mass of the egg — they developed 
into a plutens; when they were smaller than this, they 
reiiched only the gastrula or blaatula stage. If a differeu- 
tiation had ot^curred in the eight-cell stage, so that the 
individual cells could give rise only to certain tissues, or- 
gans, or regions of the body, we would ex|)ect that, when 
only about eight of the cells from an egg in the thirty-two* 
c^ll stage were separated from tlie main mass, we should 
obtain only a conglomeration of different fragments of tis- 
sues, organs, etc, but not an entire embryo, which in, how- 
ever, not the ease. It may alscj hapfien, as I have just 
xnentioued in the case of the uncIeavtHl eggs, that tho cells 
in their sliding motions distribute tbenisetves so tliat they 
do not form a blastula; but this dtjes not occur oft ener in 
these eggs than in thorns which were ruptured tefore cleav- 
ig0 began. 

8w Jiter this digression we will n^turn to our main 
tiiooie, and ask the cjuestion whether it makes tiny differenei» 
what fRsrtion of the protoplasm is cut out of an egg It 
might be that the egg is not completely isotropic. The 
protoplasm always begins tt* flow out at the j)oint at which 
the membrane is rupiured. It can easily be shown, how- 
ever, that the seat of the rupture may l3e at any [»oint in the 
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cell- membrane, and that it certainly has no relation to the 
orientation of the first cleavage plane. For when we first 
allow the eggs to develop in ordinary sea-water into the two- 
cell stage before bringing them into dilute sea-water, it can 
be noticed that the first cleavage plane may lie in any posi- 
tion with regard to the point of rup- 
ture; the material lying nearest the 
rupture will be that which flows out. 
Figs. 91-94 are drawings of eggs 
the membranes of which were made 
to rupture in the two-cell stage, and 
which illustrate what has been said 
fig. 91 more clearly than words. Since the 

extraovate develops in all cases, if it is only sufficiently large, 
we must conclude that, so far as the quesfion of dit^'sihility 
ia concerned, the protoplasm must be considered an isotropic 
substance. 

9. What conceptions can we form of the nature of the 
smallest elements of living matter which are capable of 
development ? As Nussbaum has shown, every attempt that 
has been made of assuming as the ulti- 
mate elements of living matter some- 
thing analogous to the atom and the 
molecule has failed, for the 8imj)le rea- 
son that two different substances, nucleus 
and protoplasm, are necessary. One 
might assume that a combination of two 
different ** micella?" — one composed of 
nuch^ar material, the other of ])roto- 
j)lasm — might represent the smallest living element. Our 
experiments show that such an idea would be entirely wrong, 
wh(»n full capacity for development is taken as the criterion 
of living matter, inasmuch as a very considerable quantity 
of substance is necessary for full development — au amount 
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which, according to our experiments, is not far removed 
from the limits of macroscopic visibility. I have empha- 
sized the fact that for geometrical reasons alone a certain 
amount of substance must be present before it is possible to 
form a pluteus. But the lowest limit actually found is 
reached very much earlier than that re- 
quired from geometrical considerations 
alone. Since it has been demonstrated 
that the ultimate source of all energy for 
life-phenomena is of a chemical nature, 
we must conclude from our experiments 
that the ultimate unit of living matter 
is such a quantity of substance as is 
capable of developing that amount of 
energy which is necessary for that life- 
phenomenon which is used as a criterion. 
In this we find a natural explanation of why the amount of 
substance necessary for the formation of 
a pluteus must be much larger than the 
amount of substance which is sufficient 
for the formation of a blastula, inasmuch 
as a larger amount of living matter repre- 
sents also a larger amount of energy. It 
follows from this, also, that when one is 
satisfied with spontaneity or irritability 
as the criterion of living matter, the ulti- 
mate unit of living matter is not only much 
smaller quantitatively, but also different 
qualitatively, as the protoplasm alone suf- 
fices for this. In the case of ultimate units we not only deal 
with masses which represent a definite amount of chemical 
energy, but we have every reason for assuming that the 
mode of liberation of this energy follows a dt»tinite order, 
which is possibly the same for all life-processes. Our fur- 
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ther insight into the nature of these ultimate elements will 
consequently be dependent upon a knowledge of this order. 

This significance of the quantity of living substance as 
the carrier of a definite amount of energy is also appcirent 
in the regeneration of multicellular animals. According to 
the experiments of Nussbaum, "at least one ectoderm, one 
entoderm, and one cell from the intermediary germinal layer 
is necessary" for the regeneration of a Hydra capable of 
reproduction/ But this minimum gives us only a qualita- 
tive limit, in so far as the three qualitatively different ele- 
ments are necessary. So far as the quantity is concerned, 
it must be said that a very large multiple of each of these 
three elements is necessary for regeneration. In experi- 
ments on Tubularia which Miss Bickford made in my labo- 
ratory two years ago^ it was found that pieces 1 mm. long 
from the stem of this Hydroid are no longer able to regener- 
ate into complete TubularisB; either only a simple polyp 
without stem and root is formed, or a peculiar heteromor- 
phous formation, a sort of Janus head, occurs, consisting of 
two polyps connected with each other by their aboral ends, 
while the stem and root are missing between them. 

That the smallest amount of matter capable of develop- 
ment must have a different absolute size in different orsran- 
isms — that, for example, it must be smaller for a coccus 
than for an Arbacia egg — need not be stxjcially mentione<L 

10. The results of our observations are briefly as follows: 

(i) The limits of divisibility of living matter must vary 
according to the character of the life-phenomena used as 
a criterion of life. Each quantity of living matter is the 
bearer of a definite quantity of energy. 

b) The smallest fraction of an uiisegmenteil e^^ of 
Arbacia necessary for the formation of a pluteus is about 

1 Archiv für mikroskopische Anatomie^ Vol. XXXV (1890). 
^ E. Bickford, Journal of Morpholoffy, 1S94. 
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one-eighth of the mass of the entire egg (nucleus plus pro- 
toplasm). 

c) The amount of substance necessary for the formation 
of a blastula is much smaller than that necessary for the 
formation of a pluteus ; for the formation of a gastrula more 
substance is probably required than for the formation of a 
blastula. 

d) It does not matter which position the fragments of an 
egg of Arbacia occupied in the intact egg; so far as divisi- 
bility is concerned, the protoplasm of the Arbacia egg can 
certainly be considered as isotropic. 

e) Since the limits of divisibility are almost the same in 
the unsegmented egg as in the first stages of segmentation 
(the thirty-two-cell stage included), it follows that (a) no 
qualitative changes occur in the egg during the early stages 
of segmentation which restrict the development of fragments 
of the egg, and that {ß) the individual cleavage cells, so far 
as the limits of divisibility of the substance of the egg are 
concerned, may be considered as equal. (In other respects, 
however, differences may exist between the individual cleav- 
age cells.) 
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REMARKS ON REGENERATION' 

I. ON THE BEGENEBATION OP THE BODY IN PANTOPOD8 

1. So FAB as I know, it is generally held that in Arthro- 
pods regeneration is possible only in the appendages, while 
segments of the trunk are not regenerated. According to 
experiments which I made at Woods Hole last year, Panto- 
pods, or at least one form of this group, Phoxichilidium 
maxillara, fonn an exception to this rul^. 

The trunk of Phoxichilidium maxillara (Fig. 95) is about 
1cm. long. The animal remains alive for weeks in a dish of 
sea-water. It is, like most of the free-moving inhabitants 
of the surface of the sea, positively heliotropic* If the 
body of one of these animals is cut in two by a transverse 
incision (at a, Fig. 95), each of the pieces is still capable of 
locomotion. If the pieces are exposed to the light, it is 
found that the oral piece continues to be heliotropic, while 
the aboral piece moves about independently of the light 
The latter do not show much tendency to progressive 
motion. 

That injured Pantopods can remain alive has already 
been observed by Dohrn. The latter writes : 

I have observed that individuals continued to live for davs 
even when allof the extremities have been cut off. I havo even 
cut a female specimen of Barana castelli in two, dissect«! the 
anterior portion of the body, and kept the posterior portion carrj* 
inf^ tlie extremities V to VII, alive for fully four weeks.* 

1 Archiv für Entwickelunggrncchanik der Organismen^ Vol. II (1895). p. 2M. 
- Part I, p. 1. 

»A. Dohrn, Fauufi und Flora des Golfes von Neapel; III, *' PanU»poda" (l^Ü^ 
aig, 1881), i>. Hl. 
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I was unacquainted with this observation of Dohrn's, and so 
made more exhaustive experiments on the subject. I suc- 
ceeded not only in keeping alive for weeks pieces consisting 
of several segments, as did Dohm, but even single segments 
of the body with only one pair of legs. Animals which I 
had cut longitudinally did 
not remain alive, yet I con- 
sider it possible that further 
experiments in this direc- 
tion may be accompanied 
by better results. 

2. In animals in which 
the body was divided be- 
tween the second and third 
pair of legs (at a, Fig. 95) 
the segments of the body 
which were cut off were re- 
generated. This regenera- 
tion was especially marked 
in the oral halves of the 
animals which had to regen- 
erate the posterior segments 
(Figs. 96, 97). Intheaboral 
halves of the animals I 
could discover only a swelling of the anterior end. 




FIG.» 



In some 

cases a complicated regeneration was recognizable in this 
swelling. I had to discontinue my observations before the 
process of regeneration was completed. 

We will now discuss the regeneration of the posterior 
segments of the body in somewhat greater detail. The 
regenerated piece ah in Fig. 96 consists of three segments; 
yet the constriction at c is not as deep as is usual at one of 
these joints ; in Fig. 97 the regenerated piece (ih consists of 
four segments instead of the three which were expected. The 
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presence of a supemumerary segment leads one to suspect that 
the regenerated piece might perhaps have developed into a 
leg in the course of time ; that, in other words, we might 
have had to do with a heteromorphosis, namely, the forma- 
tion of a leg in the place of the body segment which had 
been cut oflF. Hoek,* however, states that the abdomen of 
AmmothesB not infrequently shows traces of a segmentation. 





FIG. 96 

I had the animal shown in Fig. 97 cut into serial sections, 
which I examined microscopically. The intestine had grown 
into the anterior portion of the regenerated piece. The 
tissues were, however, but little differentiated. 

3. The regenerated pieces ah of Figs. 96 and 97 did not 
make their appearance gradually and then grow steadily 
larger, but they suddenly apj)eared with the size and differ- 
entiation shown in the picture, while on the previous day no 
regeneration had been visible. As each oj)erated animal 
was kept in a separate dish upon which its history had been 
written, and as each animal was examined daily, we must 
conclude that the regeneration and growth of the new pietvs 
occur slowly under the skin, and that at the next molting 
the retrentTated piece becomes suddenly visible. I 

1 HOEK, Archive de zoölof/ie experimentelle^ Vol. IX (1881). 
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observed that the injured Pycnogonides continue to molt 
I expect to resume these experiments and to fill out the gaps 
left in this study. 

II. ON THE THEORY OP BEGENEBATION 

1. Systematists have found it difficult to place the Panto- 
pods in the natural system upon the basis of their morpho- 
logical and developmental characteristics. It might be 
thought that under such conditions the consideration of the 
physiological behavior of the animals might offer advantages. 
On the basis of our observations on the regeneration of 
Pantopods it might appear as if the Pantopods were closely 
related to the Annelids; but this conclusion would be inac- 
curate, for, as is well known, a whole group of Annelids, the 
leeches, do not regenerate body segments which have been 
lost, even though transverse pieces cut from the leech may 
remain alive for more than a year. One would therefore 
have to reason that the Pantopods are more closely related 
to the Chaetopods than the Hirudineie, which would be 
absurd. 

2. One frequently encounters the statement that the 
capacity for regeneration in animals decreases the higher 
animals stand in the natural system. This idea has lx?en 
stated in a very definite form by Nussbaum: "The capacity 
of regeneration of organisms is proportional to their sys- 
tematic position, as determined by their characteristics, and 
decreases from below upward."* This generalization goes 
too far, as can be seen from the facts mentioned above. 
Usually we find in every large group in the animal kingdom 
certain si)ecies with a greater, and others with a smaller 
power of regeneration. The salamander regenerates an 
amputated tail, inclusive of the spinal column and spinal 
conl, and this power of regeneration is almost as great as 

1 NuHSBAUM, Sitxunotherichte der N iederrKeinUcKen detelUcka/t/ür Satur»u, 
Heilkunde, Bonn. NoTember 5, 18M. 
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that observed among the Chaetopods or Pantopods. On the 
other hand, the leech is not much more capable of regenera- 
tion after an injury to its body than the human being; both 
can only cover the amputated stump with skin. If one wishes 
to utilize the power of regeneration of animab for phylo- 
genetic purposes, this can be done only for members belong- 
ing to one and the same morphological group. According 
to Sachs, only "the forms of the same group may be con- 
sidered related to each other; they have nothing in common 
phylogenetically with the members of another group ; every 
morphological group is, so to speak, a plant kingdom in 
itself."* 

But whether even within the same phylogenetic group, 
in the sense in which Sachs uses the term, the power of 
regeneration of a species is a simple function of its position 
in the group can at present, from lack of facts, not be decided. 
My experiments on the functions of the brain in worms 
showed that no parallelism exists between these functions 
and the systematic position of each species. Much less does 
such a parallelism exist in regard to the tropisms which can 
be altered comparatively easily through external conditions. 
But though it is not correct to say that the power of regener- 
ation decreases the higher the animal stands in the system, 
it is perhaps true, that the number of species capable of 
complete regeneration is relatively greater in the groups of 
the Ccelenterates and worms than in the groups of Arthro- 
pods and vertebrates. 

3. In general, it will also be found correct that the power 
of regeneration is greater in the embryo than in the adult 
animal. The young larva of the frog regenerates an ampu- 
tated leg, while this is not |X)ssible in the adult animal. 
Those who assume that the power of regeneration is the 
greater the lower the i)Osition of the animal in the natural 

1 J. VON Sachs, Flora, 181U, p. 219. 
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system will find this behavior of the embryo in harmony 
with the "biogenetic law." 

The explanation of the fact that the embryo possesses a 
greater capacity for regeneration than does the adult animal 
follows in a simple way from Sachs's theory of organization. 
Sachs assumes that the form of organs is determined by spe- 
cific substances, and that we have just as many specific mor- 
phogenetic substances in a plant as there are different organs 
present in it; but these substances are by no means all 
preformed in the germ; they originate through chemical 
changes from the germ substance during the process of 
development. 

If at first only those substances which lead to the formation of 
stems and roots are present, these, under the influence of external 
conditions, finally give rise little by little to another category of 
substances, which finally present themselves, in their purest form, 
in the male and female sexual cells. We can imagine this process 
as similar to the processes which follow one another in a chemical 
factory, where from the original raw material chemical compounds 
of the most varied kind gradually result, until finally the most val- 
uable product, perhaps in an exceedingly small amount, is obtained 
in a pure form.' 

In the sense of this theory, we must assume that there 
are at first present in the animal egg only specific ectoderm 
and entoderm substances, from which, through chemical 
changes during the process of development, such compounds 
originate as are 8i>ecific for epithelial cells, liver cells, periost 
cells, etc. If now we ask how, according to this theory, e. </., 
an animal which shows complete power of regenerati(m (Pla- 
naria torva), differs from one which is able only to cover 
the amputation stump with skin (Hirudo), the answt»r will 
be, it seems to me, as follows: In the leech all the original 
embryonic material (the egg substance) is used up in the 
production of the 8|)ecific organogenetic 8ul>8tances, while in 

IJ. VON SxcHH^ Arbeiten >ie» BotanUchen IniUituU in Würzburg^ Vol. II. p. 457. 
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Planaria not all the "raw material" is consumed; yet enough 
substance for the formation of epithelium is still present in 
the leech for the repair of defects in the epithelium. 

During embryonal development the more "raw material" 
is changed into the specific organogenetic substances of the 
different organs, the larger the number of organs that are 
formed; in other words, the further the embryo progresses 
in the process of development. It is, therefore, easily intel- 
ligible why in some animals in which the '*raw material" is 
present in only limited amounts regeneration is more com- 
plete in the earlier stages of the embryo than in the later 
stages. If the power of regeneration is dependent in this 
way upon the difference between the formation and consump- 
tion of the "raw material," it is not to be expected that the 
power of regeneration should be a function of the position of 
a species in the natural system. We can easily understand 
that this difference may be relatively great in one form, while 
in another form of the same group it drops to zero sooner or 
later during the embryonic development. We may expect, 
however, that we shall meet the latter state of affairs rela- 
tively more frequently in the more highly differentiated 
groups of Arthropods and vertebrates than in lower groujie; 
which, indeed, seems to be the case. An idea of the role of 
the organogenetic substances in regeneration has been given 
by Sachs in his pa[)er on "Stoff und Form der Pflanzenor- 
gane." I have shown in several papers that the processes 
of regeneration, heteromorphosis and ontogenesib in animals, 
agree with the ideas of Sachs.* 

1 Part I, p. 115; and On Some Fact* and Principle» of PhynologiccU Morpholofff 
(Lectures Delivered at Woods Hole, 1893). 



XIV 

CONTRIBUTIONS TO THE BRAIN PHYSIOLOGY OF 
WORMS» 

I 

In his well-known work Ueber Entwicklungsgeschichte 
der Thiere K. E. von Baer asks how the anterior pair of 
ganglia of segmented animals should be designated. 

Whether the first pair of ganglia of the segmented animals shall 
be called a brain or not depends entirely upon the significance 
which the word brain is given. It is certainly not the organ which 
we call the brain in vertebrates, for in them it is the anterior 
extremity of the neural tube, and this is lacking in the segmented 
animals. It is rather the foremost pair of the series of ganglia, 
and as the latter is to be compared with the spinal ganglia of the 
vertebrates the so-called brain of the segmented animals seems to 
correspond to the Gasserian ganglion of the vertebrates,'* for the 

latter also receives sensory impulses If, however, one wishes 

to designate by the term brain not a definite organ, but .... 
that mass of nervous tissue which receives the sensory impulses, 
then one can, of course, say that insects possess a brain. Only one 
must keep the meaning of this term in mind. 

He who seeks a definition for the word brain will find 
the necessary directions in von Baer's remarks. Steiner' 
considers it the problem of the physiologist to find such a 
definition, and has come, apparently without knowledge of 
the remarks of von Baer, to a different definition which 
reads as follows : 

The brain is characterized by being the general center of loco- 
motion in connection with the activities of at least one of the 
higher sensory nerves Besides its simplicity this definition 

I Pflügen Archiv, Vol. LVI (18W), p. 247. 

«Vol. 1(1828), pp. 2»4ff. 

) SUxunothericKU der Berliner Akeuiemie der Wiuen»cKßften^ 1890. 



346 Studies in General Physiology 

has the further advantage of being satisfied by a single experiment, 
in so far as, of the two elements of which the definition is com- 
posed, the one element is always given anatomically. This is the 
higher sensory nerve, the presence of which guarantees its func- 
tion. The only experiment which it is necessary to perform has to 
prove that the general center of locomotion is also present beside 
the sensory apparatus. This proof is furnished when the unilateral 
removal of the central nervous portion in question so alters the 
direction of the movement of the animal that it no longer moves 
in a straight line but in a circle — a phenomenon which is generally 
designated by the term " forced movements." 

This definition of Steiner leads to two new conclusions: 
first, that the cerebrum in human beings does not belong to 
the brain since, as is well known, unilateral removal does 
not bring about forced movements. Steiner himself realizes 
this, for he has found, aided by his definition, that the octo- 
pus "has a cerebrum but no brain." "To have no brain 
and yet a cerebrum seems strange and even paradoxical, 
probably only, however, because we have not until now encoun- 
tered such a case." The second necessary conclusion from 
Steiner's definition is that the ear is a brain. This conclu- 
sion has not been drawn by Steiner himself, but is unavoid- 
able. For, first, unilateral extirpation of the ear brings 
al)out forced movements, and, secondly, the auditory nene 
is one of the higher sensory nerves. Steiner further points 
out that bilateral destruction of an organ, the unilateral 
destruction of which brings about circus motions, renders 
ini[)ossible spontaneous progressive movements. Forctnl 
movements can bo brought alx)ut in the shark from the 
meduUd ohlongrifd, and here is located also, according to 
Steiner, *'the general center of locomotion" of this animal. 
Steiner has himself shown, however, that a shark still movt'S 
6i)ontaneously after the loss of the entire meduUa ohtotKjnto. 

This *' center of locomotion" is said by Steiner to be 
located in the mcdulhi ohlonijuta in the frog also, but 

1. STEINER, Die Functionen des Cent ralnervewty stents. Vol. II (1883), pp. 56 ff. 
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Schrader has found that a frog is possessed of an irresistible 
impulse to move after losing this center.* 

The simplest facts of comparative physiology show more- 
over that the power of progressive movement is possessed 
also by such organisms which have no brain whatever, i. ^., 
the swarm spores of Algse. It is, in 
my opinion, not the problem of physi- 
ology to find a definition for an organ 
but to discover the functions of a given 
organ. 

From this standpoint I wish to make 
in the following pages some contribu- 
tions to the brain physiology of worms. 
I understand in this paper by the term 
brain, as is customary, the ganglia lying 
at the oral end of these animals. Brain 
physiology has shown that for the higher animals the biologi- 
cal character of a species, that is, the sum total of those 
reactions of a species which are determined by the external 
surroundings, depends chiefly upon the brain. I was espe- 
cially interested in determining whether the rudimentary 
brain of such low animals as the worms has a similar signifi- 
cance. The experiments which I wish to report have been 
made at long intervals, some in Naples in 1889, some in 
Woods Öole in 1893. 




FIO. 98 



II 



I. EXPERIMENTS ON THYSANOZOON BROCCHII 

1. Thysanozoon is an elliptically shai)ed marine Planarian 
(Fig. 98, according to Lang), which is from one to three cm. 
long, and almost as broad. The brain g of the animal, an 
unpaired organ, is situated at the anterior extremity of the 
body, which latter can be recognized without difficulty by 

1 SCHRADBS, Pfiügcn Archiv. Vol. XLI. 
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its possession of two tentacles (Fig. 98). From the posterior 
side of the brain arise the two large nerves («, Fig. 98), 
which traverse the entire length of the animal. A number 
of other nerves also run to the brain. The nerves contain 
separate ganglion cells, a characteristic which, as is well 
known, is found also in certain peripheral nerves in the 
higher animals. The nerves form a plexus at the periphery.* 

The central nervous system of this animal therefore con- 
sists mainly of the ganglion situated at the anterior extremity 
of the animal. As is the case with all Planarians, Thysano- 
zoon creeps over the walls of the aquarium or along the 
surface of the water. It differs in its movements from the 
fresh-water Planarians only in so far as it is able to execute 
actual swimming movements. In swimming the animal 
executes pendulum-like movements with the lateral portions 
of its body as does a butterfly with its wings. 

If a Thysanozoon is cut across transversely into two 
halves, while the animal is moving at the surface of the 
water, the posterior aboral half at once falls to the bottom 
like a dead mass, while the oral piece which contains the 
brain continues to move along quietly. If the cut is made 
rn[)idly and with a sharp pair of scissors, the behavior of 
the oral piece gives no indications of such reactions as 
accompany the sensation of pain in higher animals. If the 
animal is divided with a sharp knife while it is creeping over 
a glass plate, we notice the same phenomenon: the oral 
piece continues its motion undisturbed while the progressive 
movements of the posterior piece cease at once. It happens 
occasionally that the transverse division of a Thysanozoon 
causes the oral piece to execute more lively and rapid move- 
ments. That the progressive movements of this animal are 
indeed a function of the brain is shown particularly well 
when only the exceedingly small jnece which contains the 

1 Mittheilungen au« der zoologischen Stat dm zu Neapel^ Vol. I. 
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FIG. 99 



brain (Fig. 99) at the anterior end of a large (about 3 cm. 
long) Thysanozoon is cut off. The very small piece lying 
anteriorly then continues to creep or swim while the 
comparatively enormously large body executes no further 
progressive movements. The spontaneity of progressive 
movement in Thysanozoon is therefore 
a function of the brain. 

Both pieces of a divided Thysano- 
zoon continue to live and regenerate 
the missing portions. Only the oral 
piece regenerates more rapidly than the 
aboral, which has to form a head. I 
have not studied whether the latter 
forms a new brain. I kept such piece» 
alive for four months. The spontaneity 
of the aboral piece never returned, while 
the spontaneity of the oral piece persisted. 

2. The beheaded frog will remain upon its back when 
the cut lies behind the medulla oblongata; when the cut 
lies in front of the medulla the frog will not remain upon 
its back. We assume in this case that the geotropic func- 
tions of the ear compel the frog to resume the normal 
orientation. It is probable that the tactile stimuli also act 
in such a way that they compel the frog to bring the soles 
of its feet in contact with the surface of solid bodies^ or to 
allow the weight of its body to press upon the nerve endings 
in these portions of the skin, 

I designated the fact that an animal is com|)elled to orient 
its body in a definite way toward the surface of solid bodies 
as stereotropism. Geotropism cannot be demonstrated in 
Tliysanozoon as the animal assumes any orientation toward 
the center of gravity for a long time. Stereotropism is, 
however, present as the animal is compelled to bring its 
ventral surface in contact with solid bodies, or to allow its 
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body to come to rest upon its ventral surface. We cannot 
compel the animal to bring its back in contact with solid 
bodies, and at the same time expose its ventral surface to the 
water.* 

The question now arises whether these phenomena of 
orientation are a function of the brain 
as are the spontaneous progressive 
movements. Strange to saj this is 
not the case. The brainless Thysano- 
zoon returns to the ventral position 
when it is laid upon its back, only the 
reaction occurs more slowly than in 
the normal animal, or in that portion 
of the animal containing the brain. 
Reactions to light could not be demon- 
strated. 

3. If, instead of making a complete 
transverse section of the animal, only the longitudinal nerves 
are cut, and the two pieces are left united with each other 
by a very thin bridge of protoplasm at one side (Fig. 100), 
the aboral piece is not innervated directly by the nerves from 
the brain. A conduction of the impulse by way of the 
lateral nerve plexus is, of course, still possible. 

When, immediately, after the o|)eration, I laid such an 
animal ujx)n the bottom of the aquarium the oral piece at 
once began to move, while the aboral piece tried to attach 
itself to the bottom. // responded, howev(*r, io the jndl 
which the oral piece exerted upon it, ond took part in a per- 
fectly co-ordinated manner in the progressive movetnents, as 
if no interruption had occurred. After some time the oral 
piece turned alxmt, crept over the back of the alx>ral pitx;c 
whereby the latter was dragged along passively, and laid 




FIG. 100 



1 The riKhtiiif? of starfish which have been laid upon their backs ii. ai^o oolj i 
case of stereotropism, aud has uothing to do with the effects of Rravity. 
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Dpon its back. The posterior piece at once resumed the 
ventral position, however, and then moved actively in the 
same direction as the oral piece. Changes in movement, 
therefore, were inaugurated only by the oral piece which 
contained the brain and were never communicated directly 
to the aboral piece. When, however, the oral piece 
moved for some time in the same direction and with the 
same velocity, the same movement soon took place in the 
aboral piece also. The aboral piece therefore, behaved not 
entirely as a piece without the brain, as it was still capable 
of progressive movement, but not as a normal Thysanozoon 
either, as it had lost its spontaneity. This becomes still 
clearer from the following observations : 

I threw the animal into a basin of water. Both pieces 
executed energetic, synchronous swimming movements. The 
oral piece soon reached the vertical glass wall of the aqua- 
rium. In consequence of a change in the direction of the 
movement of the anterior piece, the connecting bridge 
between the two halves of the animal was twisted and the 
aboral piece came in contact with the glass wall with its 
back, while the ventral surface of the same was turned 
toward the water. The posterior piece now executed swim- 
ming motions and so followed the creeping movements of 
the oral piece. That when movement is constant the 
posterior piece takes an active part in the progressive move- 
ment, and is not merely dragged along passively, is further 
shown by the fact that it often crept with its free edge ui)on 
the back of the oral animal, especially when the latter sud- 
denly moved more slowly. 

The experiments detailed thus far show that a brainless 
piece of Thysanozoon no longer moves si)ontaneously, that is 
to say without an appreciable external stimulus. I did not 
succeed in bringing about progressive movements in a brain- 
less Thysanozoon even by stimulating it. If the animal is 
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touched a local contraction occurs at the stimulated point, 

but no progressive movements. 

4. If a lateral piece ab is cut from an animal parallel to 

the median plane (Fig. 101), a contraction of the wound result« 

which may be so great that the piece rolls up into a spiral 
(This contraction of the wound-edgeg 
occurs no matter what the position of 
the cut.) The lateral piece ofe, which 
contains no brain, executes no pro- 
gressive movements. If, however, a 
contraction of the wound-edge occurs 
in the other piece, so that it is rolled 
into a spiral, the progressive move- 
ments no longer occur in a straight 
line but in a circle. I never succeeded 
in bringing about circular movements 
through unilateral destruc- 
tion of the brain in Thy- 




FIG. 101 



sanozoon. 





II. EXPERIMENTS ON PLANABIA TOBVA 

1. The brain and nervous system of the fresh 
water Planarian (Fig. 102, according to Jijima) 
are so analogous to those of the marine Planarian, 
that it is unnecessary for our purposes to give a 
se[)arate description of them. The most important 
difference exists perhaps in the fact that the two 
longitudinal nerves contain certain collections of 
ganglion cells. One might think that the brain 
function of the fresh-water Planarians might also be analogous 
to those of the Polyclads. That is, however, not the case. 
We exfxjrieiice here again what I have pointed out repeatedly 
in my papers on the lower animals: that animals which are 
very closely related morphologically may show the greatest 
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differences in their physiological reactions. If a fresh -water 
Ptanarian is cut in two the aboral piece which eontaina no 
brain creeps alxml in just as lively a niojiner as the oral half. 
The spontaneity of the progressive movements in Planaria 
larva is therefor© in no way a function of the brain. Every 
piece of the animal, not too small, poesesees sfiontaneity. 
The decapitati»<l animals creep with the oral end directed 
forward, as do normal animals. 

2, In a pn*viuus pa[x^r I have described the behavior 
of Planaria forva toward light. The animals are chiefly 
photukijQ**tiL% that is to say, changes in the intensHy of tke 
hght altur their movements. If the animals are suddenly 
lirouglit from darkness Loto light they begin to move, 
Dtiring the first few moments the direciian of the move- 
meutd is also inflneneed by the light. The animals move as 
jAMpigatively heliotropic animals to the room side of the 
'Wfliel, but they do nut collect here as do negatively helio- 
tropic animals, but distribute themselves in all directions^ 
and now begin tu move in evertf direction, to come to rest 
finally in that region of the vessel which is more weakly 
illumiaated than its surrounding. 

One receives the impression therefore that an increase in 
the intensity of the light causes the animals to move, while 
a decrease in the intensity of the light causes them to come 
to rest. For this reason one finds the animals through the 
day collect^ in relatively dark places in the vessel, or on the 
nnder-snrface of stones* I su»i)ect that the animals begin to 
more anew at night, and then at the approach of day again 
collect in relatively dark places* I re[*efltedly covered one- 
half of the glftsB Vfsstd in which I kept the Plajiarians with 
blai^k paper in the morning« No change «x-curred through 
the day. On tlse next moruing, however, I found all the 
AtLimaU under the covered portion of the aquarium. This 
CDtild lie interpreted only as showing that the ajiimals crept 
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about in the vessel during the night, and came to rest in the 
morning in the darkest regions. 

These animals possess at the oral pole not only a brain 
but also comparatively well-developed eyes. I decided to 
test whether a decapitated Planarian still shows the same 
reactions toward light as normal Planarians, in spite of the 
loss of brain and eyes. This is true in a most surprising 
way. About sixty specimens of Planaria torva were cut 
across transversely, close behind the brain and the eyes, in 
the evening. All the pieces were put into a vessel having 
vertical sides and half covered with black paper. On the 
next morning nearly all the posterior pieces as well as the 
oral pieces were found in the covered part of the aquarium. 
They were fairly uniformly distributed here. A few were 
found in the uncovered portion of the vessel, but among 
these there were head pieces as well as aboral pieces crowded 
together in one comer in the room side of the dish. In this 
corner the intensity of the light was relatively low. In 
repeating this experiment with normal animals I obtained 
the same results as with the decapitated animals. When the 
decapitated animals had collected in the covered ixjrtion of 
the vessel and had become perfectly quiet, their quiet was 
quickly disturbed when the dark paper was suddenly removed 
without jarring the vessel. The animals began to move, crept 
at first toward the room side, and finally collected again in 
res:ions where the lif^ht was least intense. This reaction al>o 
occurred as in normal animals, with this difference, however, 
that the reaction time of the brainless animals to changes in 
the intensity of the light was greater than in normal aiiimaU 
In the animals [x>ssessing a brain and eyes the reaction lx*gan 
about one minute after light struck them; in the braiuleN-^ 
pieces after about five minutes. In these experiments oul} 
ditTuse daylight was used as a stimulus. 

I have pointed out before that when uninjured Planarians 
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Are put into a vessel having a cylindrical fomi, they do not 
coll*?ct as do purely heliotropic animak on thp window or 
ro*im side of the vessel but on the right and left sides af the 
enmep The Planarians from which the head together with 
the brain and the eyes have been removed behave in exactly 
the same way. All these experiments are successful as enrly 
as the day after the oi^ration. Only [»erfectly fresh materia! 
must be ust^d for these experimeiila In warm weatlier the 
posterior pieces regenerate a new head with eyes and probably 
a brill n after a week, 

3< It was formerly the cnstom to conclude that an animal 
|Kjssesfted eyes when it reacted to light. And since no one 
doabted that the reaction to light was a reSex movement it 
assutncd that snch animals [>ossessed a central nervous 
gtem also. When I found that the orientation of animals 
toward light is determined by the same conditions as the 
orientation of plant organs toward the same stimulus 1 drew 
^the self -evident cunclusion that the oriental t ion of the animals 
ward Uie light could not {xissibly rest ujMin characteristics 
Inch are fiosses^eil onft/ by the vyes or oidtf by the bratn, 
[>]antd do nut [x>ssesö such urgaiis. The Beiisitiveness of 
c eye to light nnist rather r**st uikju the fart that the eye» 
a condition in coojmoo with heUotrt)pic plantu, namely, 
[ements which Buffer w^nit* chnngt* under the iuBneüce at 
e üght* For the rest, huweverp these elements netnl not 
liseiiher iiior{>liologically or chemically identical in the dif- 
ferent organisms. An analogous conclusinn may Ixt drawn 
f the brain. Wlien an animal with a brain shows the same 
Inaction as a plant which [><>8öesst*s no Imiin it foIlov^Ti that 
le reaction toward light is not the result of a '"sjiecitic 
crgy^' of tht» l»rnin, but that the hmiu in that ciij90 only 
rforms a fuüctiun which is possible in plants without 
m^ This function ntH3d Ihi iujthing els© than tlie ron- 
dnction of the light stimulus, which, as b well known, occniB 
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in plants also, but in the latter case through dififerent 
mechanisms. These facts which I considered as self-evident 
have been misunderstood by one author and have been falsely 
represented, as though I had asserted that brain and eyes 
are superfluous. 

From what I said it also followed that in animals which 
possess eyes the sensitiveness to light need not by any means 
be limited to the eyes. Photosensitive elements may be 
found also in other portions of the surface of the body. 
Graber has in fact already reported experiments on Tritons 
and angleworms which he claims point in the same direction. 
It could, moreover, be foreseen that an effect of light might 
perhaps be possible in many animals without the existence 
of a true reflex arc, for I found in Ciona intestinalis that a 
typical reflex phenomenon continues to exist in this animal 
after destruction of the central nervous system. There was 
finally the possibility also that both conditions might be 
found together in the same animal. The latter is the case 
in Planaria torva, determined to be such by Dr. Wheeler. 

4. After what has been said it is scarcely necessary to 
emphasize the fact that brainless pieces of Planaria torva will 
not assume the dorsal position any more than will uninjured 
animals. All my experiments to bring alx)ut forced move- 
ments in these animals through unilateral destruction of the 
brain remain as fruitless as in Thysanozoon. 

III. EXPERIMENTS IN CEREBRATULUS MARGINATUS 

The Nemertines jx>ssess a more highly develo{^ braifl 
than do the Planarians. The brain is larger and shows also a 
greater subdivision into smaller parts. It also is continued 
into two lateral nervous cords. The latter contain ''a supr- 
ticial covering of ganglion cells which may give rise to 
ganglion-like swellings at the points where the uerveö 
branch.''' 

» Claus, Lehrltueh der Zoologie, 4. Aufl., p. 336. 
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The specimens of Cerebratulus which I used in my 
experiments were over 50 cm. long and almost as thick as 
a finger. The layman would readily have believed that he 
was dealing with an eel instead of with a worm. The ani- 
mal lives in the sand. If it is laid upon the sand-covered 
bottom of the aquarium it soon buries itself in the sand. If 
the head is amputated from such an animal the head- piece 
continues to bury itself in the sand when it is not too short. 
The body, on the other hand, does not make a single attempt 
to bury itself in the sand. 

IV. EXPERIMENTS ON ANNELIDS 

The Annelids possess besides a fairly complex brain a 
chain of ganglia which transverse the entire length of the 
body. We have the experiments of B. Friedlander and of 
Graber on the function of the ceatral nervous system of the 
Annelids. 

Friedlftnder* amputated the anterior and posterior seg- 
ments from angleworms. 

The latter conduct themselves, to put it shortly, as normal ani- 
mals : they soon bury themselves in the earth. Not so the beheaded 
worms. Immediately after the operation they execute violent 
winding motions, perhaps creep about for some time, but usually 
come to rest after a short time, and can now remain quietly upon 
moist earth covered with moist filter paper, for days and weeks 
without, apparently, making any autonomous movements after the 
wounds have healed. Every stimulus however soon awakens them 
from their passive condition. They then move about energetically, 
even creep some distance, but soon fall back into their original 
lethargy. 

The second series of experiments of Friedlander consisted 
in excising a small (5 to 10 mm. long) piece from the abdomi- 
nal nerve-cord of angleworms. Friedlander had expected 

that the two portions of the worm lying" anterior and jxjsterior to 
the operated point would conduct themselves physiologically during 

1 Bioiooi9che$ Centralblatt, Vol. VIIL 
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locomotion as two individuals, or perhaps that the posterior portion 
would simply be dragged along passively. Neither, however, occurs. 
The animals which lack entirely a portion of the central nervous 
system creep about as normal animals, except for a slight variation 
which will be described later. A contraction of the longitudinal 
muscles begins in the anterior segments which passes posteriorly, 
reaches the operated point, jumps over it, and continues behind it, 
so that the movements of both parts are co-ordinated in exactly the 
same way as in the normal animal. 

To explain this remarkable phenomenon Friedlfinder 
assumes that a *' longitudinal pull" is exerted upon the poste- 
rior segments through the contraction of the anterior seg- 
ments. ^'This acts as a stimulus to the stretched portions of 
the abdominal nerve cord, and the reflex brought about thereby 
consists of a contraction of the longitudinal muscles of the 
stretched segments." The longitudinal stretching of the 
skin (not of the abdominal nerve cord) would therefore lib- 
erate reflexly a longitudinal contraction. The correctness of 
this idea was proved by the following experiment. An angle- 
worm is cut in two in the middle and both pieces are sewed 
together in such a way that they are connected by a thread 
about 1 cm. long. The pieces when connected in this way 
by means of a thread execute co-ordinated movements. 

Graber tested the statement of Hofmeister and Darwin 
that the anterior end of the body of the angleworm is sensi- 
tive to light.* He amputated the anterior segments of angle- 
worms, and found that the brainless pieces were still sensi- 
tive to light. The reaction of the angleworm to light is 
tlierefore no function of the brain alone. My own experi- 
ments consisted in amj)lifying these facts in some directions. 

V. EXPERIMENTS ON NEREIS 

If a Nereis is cut into several pieces, only the oral piece 
retains the power of buryintr itself in the sand. Earlier 

^ Cruniilinicn zur Kr/omchung des Helligkeit»' urul Farbensinne» der Thierc, 
PruK'ue US»4.i,p. L90. 



experiments had led loe to Buepect that thiB '* spontaneous'* 
or '^instinctive'' burial was only a reflex called forth through 
the stimulus of contact with sand, I tried whether it would 
Eot be poösibl© ujuler certain conditiotts to demonstrate the 
same reflex, even in brainless piecea I laid such a brainless 
piece upon the sand; as usual it reinained quiet ♦ I now 
carefully covered the anterior end of this piece with sand. 
The rest of the animal soon began to execute the typical 
moTements which are necessary to bring about the burial of 
the animal in the sand. At the same time the glands at the 
foot end of the animal liogan tu st*crete the sticky E^ubstance 
which cements together the grainB of sand and n^nders solid 
the wall of the tube in which the animat lives. This secre- 
tion is a constant accompaniment of the burrowing of the 
aulniaL It is the same secretion which in other worms leads to 
Ibe formation of a tuljc* The animal did not however succeed 
in bnrying itself, and so it soon Ijfgan it a movements anew, 

StKjntaneoUB (irogressive movement^j were e:iecnted only 
by that piece which contained the brain. Yet weak stimuli, 
such as the slinkhig of the aquarium in | »hissing through the 
rocim, Sufficed to bring about progrei^bivc mijvements in the 
posterior piece. None of the pieces would remain on their 
backs when turned over. When I attempted to keep a 
brainless piece forcibly in this [Kjsition it made great attempts 
to return to the ventral jiositiou. In all the experiments 
which have been described the siaie of the piece is not imma- 
terijtl: the more segments it contains tin* more detinite are 
its reactions, I tried äüally to determine whether all the 
ganglia even the most {josterior ar© able to bring nlnmi the 
Bame winding and bending which is charaeteristic of the 
injured worm. That is indeed the case. 



I 

f I wished 



EXPHEIMEXTS ON LCMBBtCUS PfETIDCS 



I wished to det4^nnine whether anglewf>rms are heliotropic 
^^m^^kinetic^ and whether the diHapitaU'd animals show 
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the same relation to light in every particular as do the 
animals with the brain. If Lumbricus foetidus is introduced 
into a transparent closed vessel it is noticed first of all that 
the animals are strongly stereotropic. As soon as they reach 
the concavity of a comer or a groove they crawl along it and 
do not leave it. Secondly it can be shown that they are 
photokinetic. They come to rest in those regions which are 
more weakly illuminated than the surrounding areaa The 
direction of the rays of light is of little consequence. It 
seems also as if, when one or more animals have come to rest 
at any point, the others also come to rest at the same place 
more readily. This looks as though the animals were "social'' 
This may be attributed to a chemotropic irritability. 

It is noteworthy that the less refrangible rays which pass 
through red glass are less active for photokinetic animals 
than the more strongly refrangible rays which go through 
blue glass. The angleworms come to rest sooner under red 
glass than under blue glass. (We can speak of a "prefer- 
ence" for red light for this case just as little as in the case 
of heliotropic animals.) Decapitated Lumbrici fcetidi all 
show the same stereotropism as normal animals. When they 
reached the concave side of the corner of a vessel they did 
not readily leave the corner again. The decapitated animals 
also came to rest as did the normal animals in those regions 
where the light was least intense, while an increase in the 
intensity of the light stimulated them to movement. It 
could also be shown that the light which passes through blue 
glass acted in this regard as light of a greater intensity than 
that which passes through red glass. 

In all these ex[)eriments the decapitated pieces crept 
about with their tail end forward as well as with the oral end 
forward. I noticed repeatedly a fact which shows that even 
the extreme caudal end of the angleworm is sensitive to light. 
For when the caudal end suddenly entered an illuminated 
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area from one which was protected from the light it at once 
turned about. 

Strange to say the reaction-time to light is not markedly 
greater in decapitated angleworms than in normal animals. 
The experimental animals were contained in a dark box in 
which they could without being jarred be suddenly exposed 
to diffuse daylight. Three to eighteen seconds after the 
entrance of the light the decapitated angleworms first began 
to move. It took about the same time in normal worms. 

Lumbricus fcetidus lives in decaying straw and manure, and 
it can readily be assumed that the chemical nature of certain 
substances contained in the straw and manure holds the 
animals — that in other words they are positively chemo- 
tropic to the substances. I could readily show that when 
one-half of the bottom of a box was covered with white moist 
filter-paper and the other half with a thin layer of decaying 
straw, the normal worms which were laid upon the filter- 
f)aper were soon all collected upon the manure. The poste- 
rior pieces of transversely severed worms behave in exactly 
the same way. When they were laid upon the filter-paper 
they were not directly attracted by the odorous sul)stance8 
contained in the manure. As soon, however, as they came 
in contact with the manure in their progressive movements 
they crept upon it, and once upon it they did not leave it 
again. In this way it soon happened that all the brainless 
worms were collected, without exception, upon the manura 
When they were laid upon a heap of decaying straw, they 
soon buried themselves in it. That was not alone the effect 
of the light, for the reaction occurred also in the dark. 

VII. EXPERIMENTS ON LEECHES 

If a leech is cut in two transversely the two pieces show 
entirely different reactions. The wound soon heals and the 
pieces may live a year or more without however, as is well 
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known, any regeneration occurring. Both pieces can execute 
swimming motions : in the case of the posterior piece the oral 
end leads. Both pieces attach themselves by means of their 
suction disks. At times I also saw the posterior piece exe- 
cute lively progressive movements, without however being 
able to discover an external stimulus for this movement 
Both pieces returned to the ventral position when they were 
laid upon their backs. For the rest however the two pieces 
behaved differently. While I frequently found the anterior 
piece attached to the vertical glass sides of the aquarium, I 
found the posterior piece attached to the bottom. I sus- 
pected that the attachment of the suction disk came to pass 
reflexively, in consequence of the pressure or the friction to 
which the skin of the suction disk is exposed when it is allowed 
to come in contact with the bottom. It was therefore to bo 
expected that it should be possible to compel the animal to 
attach itself to any desired point by pressing the Buction 
disk against it. The experiment succeeds very readily with 
the posterior piece of a transversely divided animal, when it 
is gently pressed against the desired spot by means of a 
brush. The anterior piece however behaves entirely differ- 
ently when the same experiment is made with it. It turns 
itself in an ap[)arently aggressive manner against the brush 
so that it is impossibe to press the suction disk against the 
wall. 

If the posterior piece is laid U[)on its back, it begins to 
execute swimming motions by means of which it brings itself 
back into the ventral {)osition. The anterior piece returns 
to the ventral position by turning over. The tendency to 
execute Rwimming motions is much more marked in tho 
posterior than in the anterior piece. If the leech is divide! 
in such a way that the two pieces are still connected by a 
small piece of skin, they at timers execute co-ordinated pro- 
gressive movements, as in Friedländer s ex{)eriment. More 
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frequently however one observes that the posterior piece 
apparently begins its swimming motions spontaneously, and 
pushes before it the anterior piece which contracts and 
ruffles itself. 

Ill 

1. Our observations therefore show that when a worm is 
cut through transversely that piece which contains the brain 
retains to a greater degree, generally speaking, the biological 
or psychic character of the species than the brainless piece, 
even when the latter far exceeds the anterior piece in mass. 
The difference which the oral and aboral pieces show in this 
regard is different in different species of worms. In Thysano- 
zoon this difference is marked, also in leeches and in Cerebratu- 
lus, while in Lumbricus and especially in Planaria torva* it is 
less. It is however questionable whether this difference is 
chiefly determined by the brain. For we do not know how 
far the specific irritability of the individual peripheral 
elements of the oral pole has to do with it. 

2. The latter thought may go too far for many readers. 
But it seems to me that we are too much inclined to seek the 
*' irritable structure" which determines the reaction of an 
animal exclusively in the central nervous system, while fre- 
quently a more careful analysis of the phenomena by no 
means compels such a conclusion. The Ascidians are the 
8imi)lest reflex animals. The central nervous system is 
reduced to a single ganglion which receives sensory fibers 
from the surface and sends motor fibers to the muscles. If 
the skin of the animal is touched, the muscles contract, and 
the oral and aboral o[)enings of the animal close. Under 
these circumstances the stimulus passes from the touched 
spot to the ganglion and from here to the musi-les. Tlie 
ganglion can be readily extirpated in transparent forms such 

1 In this form Bardeen has recently found that the so-cnlled longitudinal nerves 
resemble more closely the oral ganglion iu thoir histoloKical structurt». [IVülSj 
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as Ciena intestinalis. After the loss of the ganglion, how- 
ever, the animal reacts in the same way when touched as 
before. Only one condition is different The intensity of 
the stimulus which is necessary to bring about a reaction in 
the brainless Ciona is much stronger than in the intact 
animal. This indicates that the mechanism is different in 
the two cases. In the normal animals the sensory nerves 
are stimulated and the stimulus passes through the ganglion 
to the muscles. In the brainless animal the muscles at the 
irritated point are possibly stimulated directly. The con- 
traction of these muscles is then the cause of the contraction 
of the neighboring muscles and so on.* Under tiiese circum- 
stances it is more than a mere possibility that in the normal 
Ciona also the characteristic reaction when touched is deter- 
mined not by the brain, but that the brain serves the purpose 
in this case of a better and more rapid conductor of the stimu- 
lus. The nature of the reaction might rather be chiefly 
determined by the arrangement of the muscles. 

The heliotropic phenomena of animals are identical 
in all respects with those of plants. The latter have no 
central nervous system and the remarkable nature of these 
reactions is therefore not necessarily determined in animals 
also by the specific characteristics of their reflex centers. It 
is much more probable that the nervous system plays in this 
only the role of a conductor of stimuli, while the actual char- 
acter of the process is determined by the following condi- 
tions: (1) The shape of the body and the topographical 
distribution of irritability corresponding with it. (2) The 
changes brought about by the light in the illuminated tissues: 

(3) The conduction of the stimulus to the contractile tissues. 

(4) The arrangement and structure of the latter. 
Examples of the same sort are the observations described 

1 It is however possibhi that the stimulus is condacted to the iodividual muscl« 
fitM?rs through uervcs. [19ü;{J 
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m this paper on stereotropism in bralnlees PlanarianB, and 
the reaction of bramleaB anlmalB toward light* 

3* Even though the brain, or more accurately that part of 
the body contaluitig the brain, determines in the mam the bio- 
logical or i^syehic reactions of worms wliich are typical for 
each speciee in the same way as in higher aoimalB, there never- 
thelees exists a specific difference between the brain of worms 
and that of many of the higher animals. The worms lack asso- 
ciative viemory and consequently nXmyconscioiisnesB^ which is 
only a fnnetion of the former. By associative memory we 
underBtand that arrangement of the brain by virtue of which 
a atimnlufi brings about not only the effects corresponding 
with its nature and the Bj>ecific structure of the Irritable 
tissue, but also the stimulating effect» of other causes which 
at a previous time once affected the organism at the Bame or 
almost the same time with the stimulus. No trace of such an 
B88cx*iative effect of stimuli can be proved to exist in worms» 
and consequently also no trace of conseiousnesd. 

One might go farther and speak of memory, when the 
effect of a stimulus depends uix>n previous effects of stimula- 
tion at alL Under these circumstances, for example, we 
would have to designate it as memory when a plant which 
was originally cultivated in the tropics does not withstand 
low ten][>eratureB as woU as a plant of the same species culti- 
irated in the North- We would also have to call it memory 
when a Medusa of the temperate »one is moved to the regions 
of the midnight sun and here continues its depth migrations 
in a pericxi corre«[ionding with the changes of day and night 
in its home. No objection could l)e made to this, only I do 
not believe that this kind of memory can be looked upon as 
a lower form of associative memory. And I am convinced 
that it is something entirely different from associative mem- 
ory. When the plant which has been cultivatetl in the South 
doe« not do as well in the North as the same Bjiecies of plant 
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which has been cultivated in the North it is to be attributed 
to a difference in the constitution of the tissues of the 
two plants, possibly to a difference in the amount of water 
contained in the two tissues. The periodic depth migra- 
tion of the Medusa are, as I believe, brought about through 
a periodic change resulting from internal causes in the 
amount of water contained in the animal, which, in the 
temperate zones, corresponds in its period with the change 
of day and night. (I suspect that the light brings about 
a change in the amount of water contained in the animal 
in one sense, while darkness brings it about in the oppo- 
site sense.) When the Medusa is then transferred to the 
North there is no occasion for a change in the period. In 
associative memory, on the other hand, we have to deal, it 
seems to me, with a definite mechanical arrangement which, 
from experiment and pathological experience, has to be 
sought in the brain and which is present only in cerfain 
animalSy while it is missing in others. Correspondingly 
consciousness is present also only in certain animals, and in 
these only after a certain stage in embryonal development 
has been reached. To claim, as does one English author, 
that a *' subconsciousness" exists in the egg, I consider just 
as wrong as though one would say that a subphonograph 
exists in a drop of water. The Darwinian habit of seeing 
transitions everywhere becomes erroneous when it attempts 
to take into consideration machines which yield qualified 
energy. And we have to do with such machines in the case 
of associative memory, as well as in many other physiological 
apparatus.* 

4. If, therefore, a decided difference exists between 
many vertebrates and the worms (and other lower animals) 
so far as associated memory and consciousness are concerned, 

J In many respects my views coincide with those expressed by Driesch in his 
ezcellenb lxx>klot Die Biologie aU seWsUtändige Wi»9vn»chaft. 
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only 



a quantitative difference exists eo far as spontaneity in 
coaoemed ; when we designate as spontaneous thoae changes 

^in an animal which are the result of internal, or more cor- 
rectly, which occur without demonstrable external stimuli. 
As a matter of faet, many changes brotight about through 
external BtimuU will seem fifxintaneous to ns because the 
external stimulus escapes our obsen^ation. We have to dis- 
tinguish between conscious spontaneous changes (the true 
will -action in which the idea of the coming change precedes 
the latter) and simjile spontaneous changes in which internal 
eanses determine the latter without processes of conscious- 
ness being present. In the case of worms, of coarse, we can 
^^^^&B{ie&k only of the latter forms of spontaneity. In Thysano- 
^Vlioon this BjKmtaneity seems to be exclusively a function of 
the brain. In Planaria torva, on the other hand^ this is not 
^^^o distiiictly the case. When compared with the number of 
^^Teactions to external «timoli the naml>er of the spontaneons 
movements of worms is small. Only where associative 
memory is present do the spontaneous changes step into the 
foreground numericully. 

5, Whether the sensations of pleasure and pain are pos- 
sible without conseiousn^ss cannot b© decided absolutely. 
If it is fjermissible to consider the reactions of a frog when 
its skin is touched with acid, or the bending of a worm 
when one steps on it, as an expression of a sensation of pain,' 
our experiments show that all pieces of a worm are capable 
of the sensation of pain. It is worthy of notice, how- 
e%'er, that the reactions pointing to sensations uf pain are 
weaker in Planarians than in Annelids, or may be lacking 
together. 
0, One might be led to believe that the reflex motions 
in higher animals dej^end to a higher degree u[Mm the 

t W. W. Hotitiiir h^ ftlo« nhovD ibftt thift ii ual parmlsaibl«, TU« iirobbm li 
m fully liiMcuiiocI in my hm*k 4m Ih« Ctomparatttv Pk^wioimm «if ^^ Brmm^ [IllOa] 
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structure of the central nervous system than in lower ani- 
mals. The fact that Planarians continue to react upon 
light if their brain is removed, or that Ciona continues to 
show its characteristic reaction after the loss of its ganglion 
seems to suggest such an idea. But it would be false, never- 
theless. The contraction of the iris of the eye, if stronger 
light falls into the latter, is a typical reflex action, called 
forth through the effect of the light upon the retina. If, 
however, the reflex center is destroyed or the iris cut out, 
an increase of the intensity of the light which strikes the 
iris continues to cause a contraction of the iris. This fact 
is known for frogs and eels, and I have observed it in sharks. 
It is probably true for mammalians also. The reflex act 
therefore may serve here, as in Planarians, for the greater 
conduction of stimuli. 

When a dog, whose spinal cord has been cut, is lifted so 
that its body hangs down vertically, a peculiar fact can be 
observed, as Goltz has shown. The legs are thrown into 
pendulum-like motions resembling walking motions. These 
motions are produced by the passive stretching to which the 
skin on the ventral side of the hip- joints is subjected through 
the weight of the legs. These pendulum-like motions are 
comparable to the reflectory contraction of the longitudinal 
muscles of the earthworm when its skin is stretched. This 
reflex would suffice to call forth co-ordinated walking motions 
in the dog whose spinal cord is severed, if such a dog were 
only able to stand on its legs. The walking motions of the 
anterior legs would produce periodically the stretching of 
the skin which is required for the locomotion of the posterior 
legs. The difference in the behavior of a dog with severed 
spinal cord and an earthworm with severed ganglionic chain 
in regard to co-ordinated locomotion is therefore less deter- 
mined by the differences in the function of their central 
nervous system than by differences in the structure of their 
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peripheral organs of locomotion. If the dog possessed, in 
the place of its high legs, short bristles like the earthworm, 
the dog with severed spinal cord would continue to make 
co-ordinated progressive motions as the earthworm in 
Friedländer^s experiment 



XV 

THE PHYSIOLOGICAL EFFECTS OF LACK OF OXYGEN' 

I. INTRODUCTION 

More than a century ago Spallanzani published bis ob- 
servations on the effect of stagnant air upon animals and 
plants. Spallanzani introduced organisms into hermetically 
sealed vessels of various sizes (which were, however, filled 
with air), and found that the smaller the vessel, the earlier 
did all life cease to exist in it. He also observed that differ- 
ent organisms show an unequal resistance to lack of air. 
As the most remarkable case he cites Anguillula aceti: 
*'They live and multiply prodigiously where the volume of 
air does not exceed three inches; and die in several days 
only, when confined in a tube where the vacuum is less than 
an inch/'^ 

The further experiments on the same subject have folly 
confirmed the observations of Spallanzfini. Bunge, in his 
well-known treatise on the respiration of mud-dwelliiig 
organisms, concludes that apparently "all transitional 
stages exist in the animal kingdom from the anaerobic 
unicellular organisms up to the most highly organized 
animals with a most energetic demand for oxygen/'* 

A series of brilliant observations have served to elucidate 
the chemical side of these phenomena. It is an established 
fact that carbon dioxide can be produced in an organism 
without the presence of oxygen. Hermann has shown that 
the excised muscle of the frog is able to do work and to 

1 Pfliiijers Archiv, Vol. LXII (189.")), p. 249. 

- Spallanzani, Tra4:ts of the Natural History of Ammalt and Veffttables, 
3 ZeitHchnft für physiologische Chemie, Vol. XII 
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prcxluce carbon dioxide without containing oxygen that c€ui 
be exhausted by an air pump/ Pflüger'' and Aubert' have 
shown the same to be true for the living frog. No one 
doubts that we are dealing with phenomena of splitting 
in these cases, which are at the same time the source of 
energy and the source for the motions, and the other physi- 
ological functions that go on in the vacuum. The diiferences 
observed by Spallanzani and Bunge in the length of time 
that animals live without oxygen may therefore be explained 
by assuming that different forms of animals contain different 
amounts of hydrolyzable substances. As soon as this 
material is used up ''the clock stands stilL^' Oxygen plays 
the role of replacing the substances capable of undergoing 
splitting which have been used up. 

By calculating the energy obtainable by the hydrolysis 
and by the oxidation of carbohydrates Bunge has rendered 
it probable that in the higher animab the production of 
powerful work is not caused by hydrolysis alone, but by 
hydrolysis and oxidation. According to this, lack of oxygen 
could at once reduce the capacity for work of an animal by 
limiting it to the energy which can be obtained from 
hydrolysis. 

Hoppe-Seyler was the first to suggest a chemical theory 
for the processes of oxidation which occur in the living organ- 
ism.* He believes that, as in the process of putrefaction, 
reducing substances (such as hydrogen in the nascent state) 
are formed in all living cells through hydrolysis, and that 
these substances, when atmospheric oxygen is present, tear 
a{>art the oxygen molecule. The free oxygen atom is then 
in the condition in which it is able to bring about the oxida- 

1 Unterwuchungen über den Stqffwecluel der Mu»keln (Berlin, 1867). 

» Pßüffer$ Archiv, Vol. X. s Ibid., Vol. XXVI. 

« At the time I wrote this paper I was not familiar with the papers of Traube on 
the («abject, which seem to give a more ade<iuate preseutatioo of the subject than 
Hoppe-^yler's hypothesis. [1903] 
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tions which are characteristic of living matter.' If, how- 
ever, oxygen is absent, the chemical changes will be of an 
entirely diflFerent character. Compounds may be formed 
which are poisonons for the organism. Araki, for example, 
has shown that when oxygen is lacking considerable amounts 
of lactic acid and sugar appear in the urine. If the oxygen 
supply is normal, these compounds may also be formed from 
glycogen as intermediate products, but they are soon 
oxidized further. To the immediate consequences of lack 
of oxygen are therefore added those which are determined 
through the presence of lactic acid in the body — for ex- 
ample, a diminution in the alkalinity of the blood. The ceUs 
of the kidney are also altered, as evidenced by the albumi- 
nuria which results when oxygen is lacking.' 

While there exists a comparatively large number of in- 
vestigations concerning the chemical side of the effects of 
lack of oxygen (of which we have mentioned only a few), 
we have very few biological observations on the same sub- 
ject. Even careful search of the literature discloses little 
more than the fact that all animal life-phenomena cease 
sooner or later in the absence of oxygen, that in higher 
animals the phenomena of dyspnoea precede death, and that, 
as Kühne showed* the protoplasm becomes vacuolated and 
opatjue and disintegrates. The observations made upon 
mountain disease may also be mentioned under this head- 
ing. It did not seem possible to me that these facts ex- 
hausted all the biological effects of lack of oxygen. The 
fundamental importance of oxygen for all life- phenomena 
rendered it probable, a priori, that an accurate investigation 
would yield a series of qualitative and quantitative changes 
in life- phenomena. Such an investigation is, of course, 

' Physiologische Chemie, Vol. I, p. 126. 

"i Zeitschrift für physiolofjische Chemie^ Vol. XIX. 

3 Untersuchungen über das Protoplasma, 1864, 
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rendered difficult by the fact that many animals soon die 
without oxygen, and I believe that this fact explains why 
this field has not thus far been the subject of more study. 
Still the duration of life is in most cases sufficiently long to 
demonstrate a series of such changes. Copepods are, for 
example, exceedingly sensitive to lack of oxygen ; I know no 
other cold-blooded animals that die so rapidly without 
oxygen. Yet it is possible, as we shall see, to show definitely 
even in these animals that lack of oxygen affects their helio- 
tropic sense in a most remarkable way ; when deprived of 
oxygen negatively heliotropic Copepods become positively 
heliotropic. 

Another consideration shows the importance of such inves- 
tigation. Physiological chemistry alone may suffice to dis- 
close the general sources of energy in animals. But the 
question as to how chemical energy is converted into the 
physiological activities of muscles, glands, etc., can of course 
not be answered by purely chemical researches. Molecular 
physiology must here bridge the chasm between the chemi- 
cal changes and the outwardly manifested physiological 
activities of the organs. A complete understanding of the 
energetics of animals is not possible so long as we have no 
conception of the molecular changes which are brought 
about through processes of oxidation. It therefore seemed 
of importance to see whether such changes manifest them- 
selves when oxygen is taken away. In this way arose the 
experiments detailed here on cleavage without oxygen, which 
I began three years ago, and which I discussed in a short 
note which appeared in Pflügers Archiv two years ago.* I 
directed my attention to processes of segmentation because I 
considered these phenomena esi)ecially favorable for obtain- 
ing facts for a molecular physiology. 

When we find that a physiological function is imix>ssible 

1 Pßüoen Archiv, VoL LV, p. 530. 
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without oxygen, we are inclined to imagine that the given 
organ or organism lacks the necessary energy for performing 
this function. If we remember, however, that the conver- 
sion of chemical into the physiological function depends 
upon definite molecular conditions in the cells (state of mat- 
ter, osmotic pressure, surface tension, phenomena of spread- 
ing, etc.), another explanation is possible, a priori: the cells 
are still able to produce the energy necessary for the physio- 
logical functions of the organ, but lack of oxygen led to 
molecular changes in the cells which prevented the conver- 
sion of the chemical energy into mechanical or other forms 
of energy. So far as I know, there are as yet no facts at 
hand to support such a view. Yet the following experi- 
ments, I believe, have led to positive results in this direction; 
for we can show that the eggs of Ctenolabrus and sea-urchin 
cannot segment without oxygen, and that, moreover, the 
already formed cleavage-cells of these eggs, especially those 
of Ctenolabrus, undergo certain structural changes when 
deprived of oxygen, which cause the cells to fuse together. It 
is possible that in this case we deal with a liquefaction of the 
membrane or the specific surface film of the cleavage-cells, 
and furthermore that the impossibility of the formation of a 
membrane in the absence of oxgen is why no cleavage occurs 
under these conditions. But no matter what one may 
assume regarding the formation of a membrane, it is clear 
that when separate colls fuse in the absence of oxygen, it is 
not to be expected that the unsegmented egg will be able to 
divide under these conditions. But those cells which have 
fused are by no means dead. When they are again supplied 
with air, segmentation sets in anew. We therefore see that 
the structural changes resulting from the absence of oxyt^en 
suffice to ex|)lain the failure of segmentation, and that it is 
not necessary in this case to attribute the latter to a faihire 
of the source of chemical energy. This conclusion is further 
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supported by the fact that the eggs of Fundulus in which 
such structural changes do not occur in the absence of 
oxygen even after twenty-four or more hours, continue to seg- 
ment for more than twelve hours in the absence of oxygen. 

What we are going to show for cleavage holds also for 
other life-phenomena, for example, the activity of the heart. 
We find that the heart of the Ctenolabrus embryo comes to 
a standstill so quickly after the oxgen has been withdrawn 
that it is impossible to think that the source of the energy 
for the beating of the heart has given out, while the heart 
of the Fundulus embryo continues to beat for many hours 
under similar conditions. It is possible that in this case 
also structural changes occur which are similar to those 
which we are able to observe directly in the cleavage-cells. 
These changes render impossible the transformation of 
chemical energy into mechanical energy in the contraction 
of the heart of the Ctenolabrus embryo. 

Such molecular changes as manifest themselves by struc- 
tural changes can be brought about just as well through 
processes of reduction due to the lack of oxygen as through 
the injurious compounds which may be formed in the absence 
of oxygen. 

The facts which we obtained by the biological study of 
the effects of lack of oxygen may also again be of importance 
to the physiological chemist. We shall meet with some 
facts in this paper which will serve to illustrate the view of 
Bunge that in all probability the greater part of the energy 
necessary for considerable work of the muscles is furnished 
through processes of oxidation (and not through processes of 
hydrolysis). The frequency of the heart-beat of the Fundu- 
lus embryo decreases steadily during the j^eriod during 
which oxygen is withdrawn, until it reaches the minimum (of 
about twenty beats |)er minute), when all the oxygen has dis- 
appeared. But the heart can beat for ten hours at this rate 
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at a temperature of 22° C, in the entire abeenoe of oxygen. 
This looks, indeed, as if the energy for a certain small num- 
ber of beats could be furnished through hydrolysis alone, but 
that for a larger number of heart-beats (about 120) the energy 
is obtained, in the presence of oxygen, through oxidation. 

II. ON THE METHOD OF THE EXPERIMENTS 

In the following experiments on the eflFects of lack of 
oxygen, the oxygen was always displaced by hydrogen ; the 
latter was freshly prepared from zinc and sulphuric acid for 
every experiment. The gas was washed thoroughly through 
two bottles of potassium hydroxide, one of potassium per- 
manganate, and one of water. The hydrogen obtained in this 
way was entirely odorless. Before the experiment was begun, 
all air was driven out of the apparatus. The animals ex- 
perimented upon were kept in an Engelmann chamber which 
permitted of direct microscopic observation. 

In this method one fact is to be emphasized, which I have 
not seen mentioned elsewhere. When the living tissue upon 
which we wish to test the effects of lack of oxygen is placed 
in the Engelmann chamber, our judgment of the results is 
subject to the criticism that we do not know the exact 
moment at which the oxygen is all driven out of the liv- 
ing si)ecimen. The resistances to the diffusion of oxygen 
out of the protoplasm are very great, and it may take con- 
siderable time before all the oxygen is removed. As long 
as we find that the phenomena whose dependence upon 
oxygen we wish to study cease im mediately after the 
hydrogen is passed through the gas-chamber, this diflS- 
culty is less marked; for even though in this case not all 
of the oxygen had been driven out of the organism, it 
would show only that the particular function which is being 
studied already ceases at a diminution of the oxygen supply, 
and still more so in the total absence of oxygen. It is 



different, however, when the hinctioa which w*? are study- 
ing does not cease immediately. We are tbeii unable to 
say whether the transitory persistence of Ihc function shows 
that not all of the oxygen haa been driven out, or that 
the given function is not directly dependent upon oxygen. 
Things of this eort confront ua when we attempt to decide 
whether cleavage ia possible without oxygen. We iind 
that when eea-urchin eggs are placed in an Engelmann 
chamber immediRtely after fertilization, and we begin to 
pass hydrogen through it, the eggs not only cleave into 
two, but often even into four, cells; but this cleavage occurs 
within the first fifty or eighty minutes after fertilization, and 
it might be thought that it takes a longer time than this to 
drive out all the oxygen. To be certain on this point in 
such cfts^, I made use of the following procedure: I in- 
troduced tho eggs in which I wished to study the depend- 
ence of o lea vage niton oxygen into an Engel mann chamber 
which was kept on ice. Hydrogen was then [mssed through 
the apparatus. The low temperature inhibits cleavage. In 
onlcr (o dis^^-over when I couhl take the eggs off the ice, and 
know that the objection could no longt^r be raist»d that the 
eggs still contain oxygen^ I introduced a second gas-chamber 
into the circuit. This contained eggs of the same culture, 
and through it I i>aJ5sed the same curn»nt of gas as that 
which went through the first. The second, control, chauibt^r 
Wfis not put on ice. As long as a trace of cleayage continued 
in tbia control chamlser, there was reason to su»ii©ct that not 
all ihe oxygen was driven out. As soon, however, iis eleavnge 
ceased, it seemed reasonable to assume that, even though not 
all the oxygen had lH*en driven out of this di amber, the por- 
tion which remained Ijehittd was no longer sufficient to start 
cleavage. It must be rumembered, however, that the eggs 
kept on ice had not lost as much oiygen as the control eggs 
during this time, for oxidatiau did not ocaur as rapidly in the 
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former as in the control eggs. It was therefore necessary, 
after cleavage had ceased in the control eggs, to pour the 
current of hydrogen through the Engelmann chamber for 
some time before the eggs to be experimented upon were 
removed from the ice, and the real experiment was begun. 
The objection might be raised that 'the prevention of 
cleavage through the ice injured the eggs. I guarded 
against this objection by the following control experiments: 
First of all the eggs were again exposed to the air after the 
completion of the experiment, and their cleavage observed. 
If this took place in a normal way, its absence in the lack 
of oxygen could not have been the effect of the cooling. 
Secondly, another portion of the eggs of the same cul- 
ture were put upon the ice at the same time and for the 
same length of time as the eggs used in the experiment, 
only they remained exposed to the air. I will state at once 
that these eggs always segmented when brought back to 
room temperature. During the entire time of the experi- 
ment hydrogen passed uninterruptedly through the Engel- 
mann chamber, not only to guard against possible leaks in 
the apparatus, but also to remove the carbon dioxide formed. 
The latter is absolutely necessary. 

III. BE8EGMENTATIÜN OF THE CTENOLABRUS EGG WITHOCT 

OXYGEN 

The older experiments of Spallanzani, Dutrochet, Sans- 
sure, and Schwann had already established the fact that in 
I)ermanent lack of oxygen the development of plants and of 
animal eggs is impossible. Paul Bert added to these ob- 
servations the fact that when the air contains only 3.4 \y^^ 
cent, of oxygen certain plants cease to germinate. In these 
experiments, however, the question as to whether cell- 
division is at all ]K)ssil)le without oxygen was not touched 
uj^on. Three years ago I began ex|)eriments on the eggs of 
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Fundulus which showed that the egg not only segments 
when oxygen is removed by pyrogallol, but even continues 
to develop for about sixteen hours. Demoor, who was un- 
familiar with my experiments, began experiments on Trades- 
cant ia cells in which he found that a cell-division which had 
already started at the time that the oxygen was being 
removed continues to the completion of nuclear division, 
but that the subsequent cell-division does not occur. He 
concludes from this, first, that cell-division is impossible 
without oxygen, and especially that without oxygen the cell- 
membrane cannot be formed; and, secondly, that the nucleus 
may divide without oxygen, that it is anaörobic* I have in 
a previous paper pointed out the incorrectness of the second 
conclusion. 

My own experiments, which I will give here, were made 
on fish eggs (Ctenolabrus and Fundulus) and sea-urchin 

The egg of Ctenolabrus, a marine Teleost, is perfectly 
transparent and free from pigment, and the changes which are 
described in the following pages can be studied with great 
accuracy under the microscope. The eggs which were used 
in the following experiments were always fertilized artificially 
in the laboratory. 

If the freshly fertilized eggs of Ctenolabrus are intro- 
duced into an Engelmann chamber, and care is taken that all 
the air is driven out of the apparatus before the experiment 
is begun, and the stream of gas is maintained, the eggs 
cleave, without exception, into two cells, and in most cases 
even into four cells. Occasionally they even go into the 
eight-cell stage. If the eggs are introduced into the gas- 
chamber not immediately after fertilization, but in one of 
the later stages of cleavage, two or three divisions of all the 
cells still occur. 

1 Archive de biologie. Vol. XIII. 



380 Studies in General Physiology 



Must we now assume that Ctenolabrus is able to divide 
two or three times without oxygen ? The first cleavage of 
the Ctenolabrus egg occurs in from fifty to seventy minutes 
after fertilization, according to temperature; the second, 
about fifteen to thirty minutes later. It is entirely possible 
that even in a strong current of hydrogen all of the oxygen 
is not driven out of the eggs in so short a time. In order 
to settle this point, I made a long series of experiments in 
the manner described above, in that I introduced the eggs 
immediately after fertilization into two gas chambers, one of 
which was kept on ice, while the other was exposed to room 
temperature, and passed the same stream of hydrogen 
through both. I will describe a few of these experiments 
here. In order to be brief, I will call the eggs upon the ice 
the experimental eggs, the others the control eggs. 

In one experiment the control eggs divided into two cells 
fifty minutes after fertilization, when the experimental eggs 
were removed from the ice, while the stream of hydrogen 
was kept up uninterruptedly. In thirty minutes the first 
cleavage occurred in the ex[)erimental eggs. At the same 
time the control eggs went into the four-cell stage, and 
twenty-five minutes later the experimental eggs also went 
into the four-cell stage. Cleavage then ceased in both 
chambers. Even though hydrogen had been conducted 
through the chamber containing the ex|)erimental eggs, 
which had been kept on the ice for a long time before 
the beginning of cleavage, and the oxygen had probably 
been driven out more thoroughly than in the control eggs, 
cleavage nevertheless occurred in the same way in both. 
There was only one difference ; all the control eggs reached 
the four-cell stage, while about 25 \^t cent, of the ex- 
perimental eggs remained in the two-cell stage. 

In another exj^eriment the exj)erimental eggs remained 
for one hour and forty minutes on the ice. During the first 
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hour all of the control eggs had developed into the two-cell 
stage, but did not go any farther. When exposed to room 
temperature, an incomplete division occurred in a small 
number of the experimental eggs after thirty minutes. 
Only a suggestion of a membrane dividing the two cells 
was formed ; the peripheral cell-membranes were not formed. 
The process then came to a standstill. That this result was 
attributable to the lack of oxygen, and not to the prolonged 
stay in the cold, was shown by the fact that when, after 
some time, the gas-chamber was opened, vigorous cleavage 
set in in all the eggs after thirty minutes. 

The experimental eggs in a third experiment remained on 
the ice for two hours. The control eggs reached the four- 
cell stage within the first eighty minutes. Cleavage then 
ceased. When the experimental eggs were taken from the 
ice, not a suggestion of cleavage set in during the following 
eighty minutes. Air was then admitted. All the eggs be- 
gan to divide in thirty minutes. 

I obtained the same result in more than ten further ex- 
periments. With the exception of the fact that in an occa- 
sional egg among hundreds an intimation of a dividing 
membrane was visible, no cleavage whatsoever occurred 
when a vigorous stream of hydrogen was led for two hours 
or longer before the beginning of the experiment through 
the gas-chamber which contained the ex{)erimental eggs and 
was kept on the ice. Yet the same eggs all divided within 
half an hour when later exposed to the air. 

It might be thought that lack of oxygen only markedly 
retards cleavage, but does not bring it to a complete stand- 
still. Yet it did not matter how long one waited — cleavage 
never occurred in the gas-chamber in the case of lack of 
oxygen, when all the oxygen had l)een driven out. 

Furthermore, I ascertained that when any segmentation 
whatsoever occurred in a weak stream of hydrogen, it always 
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occurred at the same time as (or earlier than) in the eggs 
from the same culture kept in oxygen. If the minimum 
amount of oxygen necessary for cleavage is present^ the 
velocity of the cleavage is a function of the temperature and 
not of the amount of oxygen present. It is important to 
emphasize the fact that lack of oxygen at room temperature 
does not retard cleavage, as does a reduction in the tempera- 
ture. 

Finally, I convinced myself of the fact, through a special 
series of experiments, that prolonged exposure to cold does 
not diminish the power of the egg to divide. I allowed a 
weak current of hydrogen to pass through a gas-chamber 
which remained on ice for four hours. When I then exposed 
the eggs to room temperature and continued to pass the 
same weak current of gas through the chamber, all the eggs 
divided. The majority reached the four-cell stage, and a 
few even the eight-cell stage. Cleavage then ceased. If 
not all the oxygen is driven out, cleavage proportionate to 
the amount of oxygen present still occurs in spite of the 
l)rolonged cooling. We are, therefore, justified in conclud- 
ing that when all the oxygen which it is possible to remove 
from the Cienolabrus egg is driven out, no complete cell- 
division can occur. 

The question now arises in how far a division of the 
nucleus is possible in such an egg. At the surface of the 
Ctenohibrus egg a series of visible changes occurs before the 
first cleavage. In the center of the nucleus several droplets 
of a strongly refractive substance collect, which increase in 
number and size, then coalesce, to resolve again into a large 
number of minute droplets just before cell-division. These 
droplets probably play a rOle, as we shall see later, in the 
process of cell-division. It is possible, but not proved, that 
their formation is a function of karyokinesis. Tliese 
changes in the strongly refractive substance also occur 
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when all the exhaustible oxygen has been removed so that 
cell-division is no longer possible. The energy necessary 
for these changes must probably therefore be obtained from 
processes of hydrolysis. 

One might be tempted to believe that the nucleus could 
continue to divide without oxygen, while the cell remains 
undivided — a phenomenon I discovered in sea-urchin eggs, 
when they are brought into sea- water of a certain concentra- 
tion. In such eggs the number of nuclei steadily increases, 
but no cell-division occurs. But such phenomena certainly 
do wo/ take place in the absence of oxygen. Eggs were 
freed from oxygen by passing hydrogen over them for two 
hours while on ice. They were then exposed for one hour 
to room temperature, while the flow of hydrogen was not 
interrupted. No cleavage had occurred. The eggs were 
then killed and sectioned. It was impossible to find more 
than one nucleus in these eggs; this was, however, in a 
number of instances undergoing mitosis. The experiment 
was repeated with the same result. One mitotic division 
may therefore occur without oxygen, but no more. 

If eggs which have been freed from oxygen for a suffi- 
ciently long time while on ice, and which have shown no 
evidence of cell-division when exposed to hydrogen for an 
hour at room temperature, are exposed to the air, they all 
divide in the course of thirty to fifty minutes. But they do 
not then first divide into two cells and later into four, but 
immediately into four — occasionally into three or five cells. 
This also occurs when a strong stream of hydrogen is sent 
through the gas-chamber for three and a half hours at a low 
temperature before the experiment is begun — under condi- 
tions therefore when, in all probability, all of the free oxygen 
has been removed from the eggs. Two divisions of the 
nucleus therefore always occur — one in the hydrogen, and 
one after the admission of air — before the first cell-division 
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is inaugurated. This marked retardation of cell-division 
has its basis in peculiar molecular changes, which we will 
discuss in detail in the following sections of this paper. 

IV. THE fusion of CLEAVAGE - CELLS THROUGH LACK OP 

OXYGEN 

The fact that the egg of Ctenolabrus is not able to seg- - 
ment without oxygen may be due to one of two causes: 
first, processes of oxidation might be the only source of 
energy for segmentation ; second, it might be possible that, 
even though enough chemical energy for segmentation can 
be obtained from hydrolysis, yet this chemical energy 
cannot be connected with the chemical energy necessary 
for cleavage because of the structural changes brought 
about by the lack of oxygen. Demoor concludes from his 
experiments on Tradescantia that no cell-wall is formed 
without oxygen, and that in consequence no cell-division 
occurs without oxygen. Demoor brings no positive proofs for 
his view. In the case of the Ctenolabrus egg, however, we can 
show that structural changes occur in cleavage-cells, in con- 
sequence of which these cells fuse together. It is conceiv- 
able that the same structural changes must also hinder the 
segmentation of the freshly fertilized egg. The sketches, 
Figs. 103-8 were made with the camera lucida and were all 
taken from the same egg. The egg was fertilized at 10 A. M., 
and immediately thereafter introduced into a gas-chamber 
and kept in a current of hydrogen. Cleavage took place in 
the normal way, and since the current of hydrogen was not 
very strong, even the eight-cell stage was reached (Figs. 
103-5). A series of degenerative changes then set in. At 
first a gathering of the strongly refractive droplets, which 
W(^ have described already, was formed in the two main 
furrows (Figs. 104 and 105) and some furrows began to be- 
come indistinct. Fifteen minutes later the greater portion 
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FIG. 108 




FIG. 104 



of the peripheral cell-limits had already become invisible 
(Fig. 106), and after another fifteen minutes nothing could 
be recognized of the entire blastoderm except a collection of 
droplets which had fused into larger drops (Fig. 107). In 
the next two hours the latter only became more spherical, 

but otherwise under- 
went no change (Fig. 

108). The germdisk 

was optically still less 

visible than in the 

unfertilized egg. It 

therefore required 

only thirty-five min- 
utes after cleavage 

came to a atop, for 
the complete liquefaction of the cleavage-cells of an eight- 
celled blastoderm. It is scarcely necessary to mention that 
the same process in various experiments took a little more or 
a little less time. 

What we observe here is found in every 

such experiment upon Ct^nolabrus eggs, the 

only diflference being 

in the form and the 

arrangement of the 

droplets of the 

strongly refractive 

material, which at 

times may form a 

more perfect cast of 
the old lines of cleavage than in the experiment described. 
Even when the oxygen is driven out so slowly that the egg 
has time to reach the sixteen- or the thirty-two-cell stage in 
the stream of hydrogen, the same series of degenerative 
changes occurs as soon as cleavage has come to a standstill. 





fig. 106 



FIG. 108 
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The question now arises whether this liquefaction or fusion 
of the cleavage-cells occurs equally well and with the same 
rapidity in every stage of development. As soon as the eggs 
have reached the sixty-four- or the one-hundred-and-twenty- 
eight-cell stage, the behavior toward lack of oxygen is some- 
what difiFerent. While in an egg 
J^' * ri which is in the eight-cell stage the 

/ '"'wv .'*•{/.•" *; ce\\^ fuse in about one hour in the 
fei*K^^-^^===^C[^^^-V^ absence of oxygen, a liquefaction of 
/::• ß — ' the cleavage-cells also occurs in the 

eggs in the sixty-four- and one- 
FiG. 107 hundred-and-twenty-eight-cell stage, 

but only at the periphery of the blastoderm, and even here 
more slowly than in the cells in the 
earlier stages of segmentation. The ^ » J^ 
droplets of the refractive substance *' Yk 
appear in the furrows, but they are^^^^ a^Ty^^ -* 
smaller than in the eggs in an earlier ^ •. M 

stage of development, and it is for this ® 

reason perhaps that large oil drops are 
formed less easily. Figs. 109-111 illustrate the process of 

liquefaction in such an egg. The egg 
was put into the gas-chamber at 2:25 
o'clock while in the sixty-four-cell 
stage. At this time its shape was 
sketched with the camera lucida 
(Fig. 109). The outlines of the cells 
within the blastoderm are not shown. 
The segmentation at first continued 
FIG. 109 ^t 4 o'clock liquefaction was very 

distinct at the periphery. It occurred in this way that in 
individual cells at the periphery of the blastoderm the 
outline at first becomes invisible, after which the entire 
cell gradually disap[)ears. Through this disappearance of the 
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cells at the periphery the blastoderm becomes smaller (Fig. 
110). At 6:35 o'clock the liquefaction of the cells at the 
periphery had progressed much farther (Fig. 111). The 
diameter of the blastoderm was only a little more than three- 
fifths of the diameter the egg possessed four hours earlier 

when it was in the sixty-four-cell 

stage. Around the blastoderm lay 

granular masses, which were in all 

probability the remains of the lique- 

{\ ^ fied cells. Soon thereafter a change 

(shrinking?) occurred in the yolk, 

which served to close the experiment. 

The disappearance of the cleavage- 

FIG. 110 ^^j|g Q0cuj.g more slowly therefore in 

the later stages of development than in the earlier stages of 

development. 

It may be of interest to raise the question : In what do 
these peculiar structural changes consist which lead to the 
fusion of the cleavage-cells in the absence of oxygen ? If 
we wish to answer this question, we must acquaint ourselves 
more fully with the history and the significance of those 
peculiar refractive substances which appear in dropletF. 
Soon after fertilization, before the union 
of the pro-nuclei, one observes in the center 
and upon the surface of the germ the 
appearance of several strongly refractive 
droplets. These undergo, as has already 
been said, a series of changes, of which 
the most remarkable is this, that shortly 
before the first cleavage a single system 
of radiations coming from a common center is formed, which 
looks very much like the radiations about a centrosome. 
These radiations might be a process of emulsion, for the radii 
break up very rapidly into small droplets which are strongly 




388 Studies in General Physiology 

refractive, and soon thereafter the center also breaks np into 
such droplets. As soon as the blastoderm divides, these drop- 
lets are found distributed over the entire surface, collected 
especially thickly along the furrow between the two cells. 
Before the next cleavage occurs, these droplets again arrange 
themselves in a line which corresponds to the next furrow (Fig. 
103, a). In the process of segmentation part of these droplets 
disappear. This fact, in conjunction with a series of other facts, 
with which we shall become acquainted in the next section of 
this paper, leads me to suspect that this strongly refractive 
substance serves for the formation of the membrane of the 
cleavage-cells of the Ctenolabrus egg.* That such a membrane, 
or at least a solid surface layer, covers the cleavage-cells of 
the Ctenolabrus egg immediately after a cleavage is completed 
I have observed directly; for folds are often formed on the 
surface of the cells, which are especially distinct immediately 
after a cell-division in the furrow (Figs. 104 and 105,/). On 
the assumption of the existence of a membrane our observa- 
tions can be expressed in a simple way. In the absence of 
oxygen the membranes of the cleavage-cells are liquefied and 
this brings about the fusion of the latter. The material of 
whicli the cell-walls were formed flows together in droplets 
which coalesce into larger drops in the center of the germ- 
disk. This liquefaction of the material of which the mem- 
brane is formed also renders cell-division im|x>ssible in the 
case of lack of oxygen. The assumption of the existence of 
a membrane, or at least of a specific surface film, in animal 
cleavage-cells also brings the mechanics of cell-division in 
animals and in plants into better harmony. 

The fact that in the process of cleavage the droplets 
always collect along the plane in which cleavage is to occur 
lati*r is, as I would suggest in passing, a corroboration of 

1 It is now Konerally assumed that tho surface film of ceUs is formed by lipoids. 
Thf <)i»tic;vl appearance of the droplets mentioned in the text is indeed that of« 
fatty substanc. [liKXiJ 
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the view I expressed a short time ago on the mechanics of 
cell-division.* I imagine that as soon as the nucleus divides, 
vortex motions take place about each of the two daughter- 
nuclei, which leads to a tearing apart of the cell-contents ; in 
other words, to cell-division.* If this assumption is correct, 
movable particles must collect where the two vortex motions 
meet — that is, along the lines in which cleavage is to occur 
later. We indeed find this to be the case in the Ctenolabrus 
egg, and also in such eggs as carry pigment at their 
surfaces. 

These vortex motions carry the droplets to the place where 
the next cleavage is to occur, and where they are necessary 
for the formation of a membrane — a remarkable example of 
that "purposeful" interaction between mechanical conditions 
which we meet so often in processes of development. 

We see, therefore, that molecular changes — apparently a 
liquefaction and an emulsion of the membrane or the surface 
film of the cleavage-cells — occur in the case of lack of oxygen 
which gives an adequate explanation of the fact that no 
cleavage occurs in Ctenolabrus eggs without oxygen. But 
the fact that nuclear division also soon comes to a standstill 
indicates that changes corresponding to those in the mem- 
brane must also occur inside the cells. 

V. BEVEBSAL OF THE EFFECT OP LACK OP OXYGEN UPON 
ADMISSION OF AIB 

When an egg whose entire blastoderm has become invisible 
in hydrogen is again exposed to air, the changes which 
ensue differ according to the length of time during which 
the eggs have been exposed to the current of hydrogen. If 
the egg remains too long without oxygen at room tempera- 

1 Archiv für Knttcicklunoamcchanik^ Vol. I. 

s I find in this case, as in that of all hypotheses, that they do not gain in attract- 
iTOoess with ffrowini; aice. Conklin, though, has accepted the hypothesis of Tortez 
motions and Batschli has justly claimed priority for it. [1903J 
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FIG. 112 



ture, it dies. If the experiment is interrupted early — that 
is, when the cell-walls have just begun to become indistinct 
— all, or at least a part, of the cell-membranes again become 
visible upon admission of air. Under these circumstances, 
however, every cell usually divides, not 
into two, but into four cells which cor- 
responds with what has been said before. 
When we wait a little longer before 
admitting air, a circular blastoderm is 
at first formed in which no trace of cleav- 
age is visible. The blastoderm then sud- 
denly breaks 
up into a large number of cells at 
once, but curiously enough this 
cleavage is confined, in most cases, 
to the periphery of the blastoderm. 
In this case also the refractive sub- 
stance which has been described 
plays a peculiar role. Figs. 112- 
17 represent 
the various 

stages of the renewed cleavage of the 
same blastoderm in which we studied 
the disappearance of the lines of cleav- 
age in hydrogen (Figs. 103-H). Fig. 
108 shows the condition of the blasto- 
derm in hydrogen at 2:10 o'clock. Only 
four large drops of the refractive sub- 
stance, surrounded by droplets of smaller 
size, permit one to recognize the place 
At 2:18 jmre oxygen was sent through 
At first the smaller droplets separated 
from the surface of the large droplets and moved toward 
what had been the periphery of the blastoderm. (Previously, 
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of the blastoderm, 
tho gas-chamber. 
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during the liquefaction of the cell-walls, they had moved 

toward the center of the blastoderm.) 

At 2 :35 a unicellular spherical blastoderm became visible 

(Fig. 112). The larger central drops gradually broke up 

into minute droplets, which often 
arranged themselves in a ring 
about the periphery of the blasto> 
derm (Figs. 113, lU). Then forty- 
five minutes after the admission of 
oxygen, cleavage began. It occur- 
red only at such places where the 



FIG. 115 




tiny droplets have collected, 
namely, at the periphery. The 
periphery broke up into about 
eighteen cells at once (Fig. 
115). These cells about corre- 





FIG. 116 



spond in size with those 
^ found normally in the 
thirty-two to sixty-four- 
cell stages. The center of 
the blastoderm did not 
segment, with the excep- 
tion of one spot where the 
outlines of two cells l)e- 

came visible. I had noticed previously a small collection 

of the refractive droplets at this point. 

Still another relation between the distribution of the 

droplets and segmentation is noticeable. If the reader will 
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compare Figs. 114 and 115 he will notice that more cleavage- 
cells are formed in the four sectors which lie between the 
four large drops, and which contain the larger number of 
small droplets at the periphery, than in the four sectors which 
contain the large drops and a smaller number of small drop- 
lets. This relation may be accidental, but I may be allowed 
to state that when Fig. 114 was formed I expected from my 
earlier observations precisely that type of cleavage which is 
shown in Fig. 115. 

The cells formed at the periphery continued to divide, 
while the center remained undivided. The two cells which 
had first been perceived there disappeared again. The four 
central drops became steadily smaller, and one of them broke 
up entirely into small droplets, as if a slow emulsion took 
place (Fig. 117, e). In this way the blastoderm changed, 
within fifty minutes, from the condition shown in Fig. 115 
into that shown in Figs. 110 and 117. Development then 
ceased. The long exposure to lack of oxygen at a relatively 
high temperature led to an early death of the germ. 

The phenomena shown in Figs, 112-17 are typical. The 
exceptions wliich one encounters are connected with differ- 
ences in the behavior of the small droplets of the strongly 
refractive substance. In this connection I must mention tht' 
fact that a small percentage of the eggs also showed segmen- 
tation in the middle of the blastoderm. In these cases, 
however, I usually (if not always) found that not only the 
periphery, but the entire blastoderm, was studded with very 
minute droplets immediately before cleavage. The large cen- 
tral drops were tlic^n found to dissolve rapidly (emulsion ?). I 
also found in rare cases, though, that only one sector of the blas- 
toderm divided, while the rest remained undivided. In these 
cases also the small refractive droplets were usually collei'ted 
in this sector. These facts all supi)ort the idea that the refract- 
ive substance forms the membranes of the cleavage spheres. 



Physiological Effects of Lack of Oxygen 893 



VI. THE effect of CARBON DIOXIDE UPON THE PROCESSES OF 
CLEAVAGE IN THE. CTENOLABRÜS EGG 

If eggs are introduced into a current of pure carbon dioxide 
(which has been carefully washed), we must expect to obtain, 
besides the efiFects of mere lack of oxygen, the specific chemi- 
cal eflFects of the CO,. Even though everything indicates 
that the action of CO, is qualitatively diflFerent from the 
action of simple lack of oxygen, such diflFerences have only 
rarely to my knowledge, been demonstrated directly in the 
cell.* In the egg of Ctenolabrus, however, these diflFerences 
are very striking. If freshly fertilized eggs are introduced 
into a stream of pure CO,, no trace of cleavage occurs, even 
though the eggs are not kept on ice. Under similar external 
conditions the eggs kept in hydrogen divided two or even 
three times. The germs also die much more rapidly in 
CO, than in hydrogen. This constitutes, however, only a 
quantitative diflference. A qualitative difference evidences 
itself, however, immediately that the air is replaced by a 
current of CO, in eggs in the two- or four-cell stage. In 
these experiments the eggs were kept in a drop of sea-water 
in an Engelmann gas-chamber. Amoeboid movements {which 
tcrre first noticed at the periphery of the drop) took place on 
the surface of the eggs in some ten to fifteen minutes, when 
a current of carlwn dioxide was passed through the cham- 
ber. Whether the whole protoplasm or only the superficial 
layer of the protoplasm takes part in these changes could 
not be determined. I have made a series of camera draw- 
ings of these movements, which I will reproduce here. 

Fig. 118 shows the outlines of the four cells of an egg at 
the beginning of the experiment. Fourteen minutes later this 
cell had the appearance shown in Fig. 110. One of the four 
cells, that which was directed toward the {)eriphery of the drop 
and first struck by the stream of carbon dioxide, sent out amce- 

iSee LoBB and Harobdtt, PfiUger» Archiv, Vol. LXI. 
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bold pseudopodia. A few minutes later all of the cells sent 
out such pseudopodia, which soon became shorter, however, 
as if the substance of the pseudopodia had been torn, e. g.y 
through an emulsion (Fig. 120). The outlines of the germ 
then again became smooth, but not 
entirely so (Fig. 121), and finally the 
blastoderm gradually disappeared (Fig. 
122). The entire series of changes 
shown in Figs. 118-22 took about forty- 
five minutes. Besides these changes, 
another series 

took place in \L i / 

the blasto- "^'^^4/^ 

derm and the yolk, which, however, ^'^^^ ' 

I am not as yet able to interpret, ^^5^ 
and which I therefore do not de- 
scribe, as their description would 
take up much room without at 
present being of 
any use. 

If eggs in an 
advanced state 

of division are introduced into CO,, 
a solution of the cleavage-cells occurs 
at the periphery just as in hydrogen. 

VII. THE EFFECT OF PCBE OXYGEX 
UPON CLEAVAGE 

In embryological literature one 
at times encounters the statement 
that the processes of development in 
pure oxygen at atmospheric pressure go on differently from 
those in air. Demoor also states that nuclear division is 
accelerated in pure oxygen. 

Now, it is one of the established facts of physiology that 





FIG. 119 



FIG. 120 
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the consumption of oxygen is, within wide limits, independent 
of the partial pressure of the oxygen> and that it makes nor- 
mally little difference for the processes of oxidation whether 
we breathe air or pure oxygen. Still, in order to determine 
experimentally the action of pure 
oxygen upon cleavage, I made the 
following experiments. 

An inverted ten-liter bottle A 
(Fig. 123) was filled with pure oxygen. 
A long glass tube a and a short one 
6 passed through the rubber stopper 
in the bottle. The glass tube a was 
connected with an Engelmann gas- 
^®- ^ chamber /. The short glass tube 6 

was connected with a longer tube c, and the bottle B was 
filled at the beginning of the experiment with water. A 
second short glass tube passed through the stopper of the 
latter and was connected to the Engelmann gas-chamber II, 
The connecting rubber tube between A and B was filled 
at the beginning of the experiment with water and closed 
by a pinch-cock. As soon as the .••••. 

pinch-cock was opened the oxygen 

J -a 

out of JS, and the same amount of air . ^••s. 

was suctioned through the gas- / 

chamber II into t*^^ bottle B. In ; 

this way the effect of pure oxygen 

could be compared with that of atmos- "^ • ••*' 

FIG. 122 

pheric air. A few im{K>rtant but self- 
evident details in the arrangement of the experiment have 
been omitted in the drawing. 

In one experiment eggs which had been in the ei«]^ht-cell 
itage, but the cleavage-cells of which had been fust^d by ex- 



was driven out of A through the gas- 
chamber I by the flow of the water 
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posure to a current of hydrogen, were introduced into both 
gas-chambers. I wished to determine whether the renewal of 
segmentation would occur more rapidly and differently in 
pure oxygen than in air. The result was that after fifty 
minutes cleavage occurred almost simultaneously in both 
gas-chambers and in exactly the same way. Cleavage 
occurred only at the periphery and the cells which were 
formed were about the size of those found in the thirty- 
two- or sixty-four-cell 
stage* In a second experi- 
ment cleavage occurred 
even a Httle more rapidly 
in the air than in pure oxy- 
genp Fur the rest things 
were about the same. 
Under these circumstances 
I saw nu reason for con- 
tinuing these experiments ; 
they showed clearly enough 
that it tloes not 
inattiT* so far 
as thu renewal 
of t'li'nvii^e uf 
Iiqiit*fied Cteii- 
ulahrus <-'gg^ 
is eoncerned, 
wlu^th^T air <*r 
pure t>xygen in 




Flu. 123 
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supplied to them. We found before that a lack of oxygen 
does not retard cleavage as long as cleavage is at all possible. 
In the same way an excess of oxygen does not accelerate the 
process. 

VIII. EFFECT OF LACK OP OXYGEN ON THE CLEAVAGE OP 
THE FUNDULU8 EGG 

The eggs of Ctenolabrus have a lower specific gravity 
than sea-water, and therefore float at the surface of the 
water. Here they find the oxygen necessary for their devel- 
opment. If the eggs of Ctenolabrus with their great need 
for oxygen had a specific gravity large enough to cause them * 
to sink to the bottom, they could scarcely develop in many 
places, since at the bottom of the ocean where processes of 
putrefaction are going on, the tension of oxygen is much 
less than at the surface. We may therefore expect, in gen- 
eral, that fish eggs which sink to the bottom of the ocean 
and develop there are much more independent of oxygen 
than the egg of CtenolaV^rus. This is really often the case*. 
Tlie egg of Fundulus has a greater specific gravity than sea- 
water and develops at the bottom of the ocean. I have shown 
that the egg of Fundulus can develop for some time in the 
absence of oxygen. In these experiments the eggs were 
introduced with a few drops of sea-water into a small glass 
tube sealed at its lower end, and this tul)e was put into a 
test-tulx» containing several cubic centimeters of an alkaline 
pyrogallol solution. The test-tube then was sealed at the 
top. Tlie pyrogallol solution was i)n>pared according to 
HempeFs directions, and the oxygen must have l)een ab- 
sorlnnl in a short time. Nevertheless, the eggs not only 
segmented, but tlu»y develo|H»d as far as normal eggs do in 
aVx)ut fifteen hours after fertilization. A largi» blastoderm 
was formed which spread over a great i>art of the surface 
of the t»gg. 
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In order to be able to compare these results with those 
obtained on the Ctenolabrus egg, I repeated the experiments 
on Fundulxis, using the same method of replacing oxygen 
by hydrogen, and the same apparatus which had been used 
in the case of the Ctenolabrus egg. 

The results obtained were in entire harmony with our 
earlier findings. When freshly fertilized eggs of Fundulus 
are introduced into the Engelmann chamber, and a vigorous 
stream of hydrogen is passed through it, the eggs divide not 
only once, but continue to do so for fifteen to twenty hours, 
until a blastoderm is formed which extends over the sur- 
face of the egg. The result was the same when the eggs 
were put in an Engelmann chamber and kept for two and 
one-half or three hours on ice, during which time they were 
exposed to a vigorous stream of hydrogen. When the eggs 
were then exposed to room temperature, segmentation at once 
began and continued in a regular manner. During the 
entire course of the experiment hydrogen was permitted to 
pass through the chamber. 

As long as the number of the cleavage-cells was so small 
that they could be counted, it could be seen that develojv 
meiit without oxygen occurred as rapidly as in oxygen. 
Whether this holds also for later stagfes when cleava^re 
approaches the standstill cannot be determined, as the cells 
are then too small to allow one to count them. Not only 
cleavage, but also growth, of the blastoderm, that is to say. 
increase in area (at the expense of the yolk (?), 1903) occurs 
in tlie absence of oxygen. The blastoderm grows from a 
small area to a large area on the surface of the yolk. 

If Fundulus eggs are allowed to remain more than twelve 
to fifteen hours in liydrogen, the cells nevertheless do not 
liquefy, as is the case in Ctenolabrus in the absence of 
oxygen. Even after twenty-four hours no such phenomena 
are observable in the Fundulus egg. I have shown in 
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previous papers that such eggs do not lose their power of 
dividing even after being kept for three to four days with- 
out oxygen. On the other hand, I noticed a collection of 
the strongly refractive droplets in the furrows between the 
cells in Fundulus eggs also. Our observations on the 
mechanics of cell-division, therefore, seem to hold also for 
the Fundulus egg, only that the material for the surface 
layer of the Fundulus cells seems to be diflFerent chemically 
from that of the Ctenolabrus cells in that the latter in the 
lack of oxygen flows together into droplets, while the former 
undergoes no such structural changes. 

On the other hand, the Fundulus egg is very sen- 
sitive to carbon dioxide. If a current of carbon dioxide is 
{>assed through the gas-chamber in which are contained the 
freshly fertilized Fundulus eggs, not a single cleavage occurs. 
Furthermore, the eggs which have resided for only four 
hours in such a current of carbon dioxide have lost their 
power of development for all time. This is of great impor- 
tance in judging of the effects of lack of oxygen — it points 
to the possibility that the resistance of the protoplasm to 
lack of oxygen is not so very different in the Ctenolabrus 
egg from that in the Fundulus egg, and that only .a second- 
ary molecular change — the disintegration of the surface 
layer of the cells into a number of droplets — brings about 
a rapid destruction of the Ctenolabrus cells. 

This possibility is supported by another fact. I have 
pointed out in an article, which I have already cited, the 
remarkable indifiference of the Fundulus egg to the concen- 
tration of the sea-water. This year Professor W. W. Nor- 
man made similar experiments in my laboratory u{X)n the 
Ctenolabrus egg. In these it was found that the Ctenolabrus 
egg is almost as insensitive to an increase in the concentra- 
tion of the sea-water as is the Fundulus egg. 

I should not like to conclude this section without adding 



400 Studies in General Physiology 

a word on the importance of comparative methods in physi- 
ology. If we had confined our experiments to the Cteno- 
labrus egg^ a generalization of the facts observed would 
have been as follows: Cleavage is impossible without oxygeiL 
Had we confined our experiments to the Fundulus egg, we 
should have come to the opposite conclusion. In reality, 
conditions are such that in some forms a cleavage is possible 
without oxygen, while in others it is impossible. The same 
may be said regarding protoplasmic motion. I do not as yet 
consider it as settled that every muscle is able to do a large 
amount of work without free oxygen. 

IX. THE EFFECT OF THE BEMOVÄL OF OXYGEN ON THE 
SEGMENTATION OF SEA-URCHIN EGGS 

If freshly fertilized sea-urchin eggs are introduced into 
a gas-chamber and a strong current of hydrogen is sent 
through it, one cleavage always occurs, and sometimes two. 
It however, before beginning the actual experiment, all of 
the oxygen necessary for cleavage is driven out of the eggs 
and the gas-chamber (by placing the latter upon ice for two 
hours and sending a current of hydrogen through it), no 
cleavage occurs, even though we wait from three to four 
hours. If after this the eggs are again exposed to air, 
cleavage begins in about forty to fifty minutes. But all the 
eggs first divide into two cells, and only a few divide at once 
into three or four cells. The number of the latter is not 
greater in the experimental eggs than in the normal eggs of 
the same culture. Such phenomena are very probably 
attributable to polyspermia. These facts show that in svd- 
If roll in ('<j(js iicifltrr a dirii>iou of the cell nor of the nuclens 
is possible irif/iout o.rt/(jrn. In this particular they behave 
like the eggs of Ctenolabrus. We must now raise the ques- 
tion: Is the inability of cleavage in sea-urchin eggs also 
the consequence of molecular changes which are brougbt 
about by lack of oxygen ? This, indeed, seems to Ix^ the case. 
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If the eggs have divided into two or four cells, and the 
oxygen is then removed completely from them, the cell-limits 
become indistinct in about three hours. The cells then 
absorb water in consequence of the effects of lack of oxygen. 
The volume of the eggs increases, and the space within the 
membrane is soon filled uniformly with the protoplasm of 
the cleavage-cells. The outlines of the cell then become 
invisible, and the egg looks as if it had never divided. If 
oxygen is readmitted, the eggs cleave anew, if too long a 
time is not allowed to elapse. In many cases the old lines 
of cleavage reappear, but this is by no means always the case. 
The changes remind one of those in the eggs of Ctenola- 
brus, only that they occur more rapidly and more distinctly 
in the latter than in the eggs of the sea-urchin. 

The surface of the cleavage-cells of the Arbacia is pig- 
mented, and the pigment granules move upon the surface of 
the egg during cleavage. I do not doubt that by more care- 
ful study phenomena similar to those observed in the cleavage 
of the Ctenolabrus and the Fundulus eggs will be observed 
in the case of Arbacia also. 

The fact has been mentioned that, in general, the cleavage 
of the Fundulus egg without oxygen occurs not only just as 
rapidly as under normal conditions, but even a little more 
rapidly, as stated in my paper on "The Relative Sensitiveness 
of the Fundulus Embryos in the Different Stages of Devel- 
opment against Lack of Oxygen." In that article, however, 
I attributed this difference in time to the increase in temjx?ra- 
ture brought about in sealing up the test-tul>es used in the 
ex{)eriment8. Since I again noticed these changes this year, 
first in the Ctenolabrus egg, and later in the Arbacia egg, 
in an Engelmann chamber — where there was, therefore, no 
considerable increase in heat — I decided to determine by 
more carefid experiments whether this difference in time is 
indeed dependent entirely ujxjn differences in tern jh? rat ure, 
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or whether the altered metabolism in the initial lack of 
oxygen does not at first lead to a slight acceleration of 
cleavage. If the latter were correct, it would give a basis 
for the explanation of a very purposeful arrangement in 
organic nature, namely, the increase in respiratory activity 
in the lack of oxygen. For if lack of oxygen leads to such 
a universal change in metabolism that more energy is at first 
set free than under normal conditions, then the purposeful 
arrangement of the respiratory center is only a special case 
of a general property of protoplasm. 

Yet the acceleration of cleavage in the En^elmaim 
chamber might also be dependent upon an increase in 
temperature. One source of this increase in temperature 
might be sought in these experiments in the heat produced 
in developing hydrogen from zinc and sulphuric acid 
The gas was passed through four wash -bottles before reach- 
ing the gas-chamber, yet it might nevertheless have caused 
an increase in the temperature in the gas-chamber. To 
render this impossible or less possible the gas generator was 
packed in a vessel with ice before beginning the experiment 
From this the hydrogen was led through a bottle filled 
with chipped ice which was in turn again packed in ice. 
The first three wash-bottles were also kept on ice. The 
temjK^rature of the last wash-bottle through which the 
gas passed before reaching the gas-chamber was carefully 
watched before and during the experiment. No increase 
in tem])erature was noted when the hydrogen was i>assed 
through it. 

The same water was used for the eggs in the gas-chamber 
that was used for the control eggs. Every decrease in the 
temperature of the latter through evaporation of the water 
was carefully avoided, and their temj)erature carefully 
watched. 

Cleavage in the eggs kept in the gas-chamber neverthe- 
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less preceded that in the normal eggs by three or four min- 
utes. 

The experimental eggs as well as the control eggs were 
fertilized at the same time and in the same dish with a large 
amount of sperm. The process of driving out the oxygen 
by hydrogen was begun some ten or fifteen minutes after 
fertilization. About half an hour later cleavage occurred, 
usually first in the gas-chamber. At this time all the oxygen 
was probably not yet driven out of the eggs, so that we were 
dealing only with a partial lack of oxygen. This partial lack 
of oxygen, therefore, often brought about an acceleration of 
cleavage equal to 6 to 10 per cent, of the time necessary for the 
first cleavage.* These experiments give one the impression 
that when lack of oxygen has reached a certain stage, a 
transitory increase in the development of energy occurs 
within the egg at first (through the formation of poisonous 
substances?). This increase in the development of energy, 
which, in the case of the respiratory center, is of enormous 
practical importance, therefore seems to appear also in such 
cases where its appearance is entirely unimportant, as in 
cleavaga I will not yet commit myself definitely to the 
statement that in case of a partial lack of oxygen a transi- 
tory acceleration of cleavage occurs; but to trace back 
the purposefulness of organized nature to the general chem- 
ical and physical properties of protoplasm seems to me 
much more promising than the assumption of natural 
selection. 

If we summarize the results of these experiments on the 
effects of lack of oxygen on cleavage, we find that in the 
Fundulus egg, where in the absence of oxygen no dissolution 
of the cell- walls of the cleavage-8[)heres occurs, cleavage can 
continue for more than ten hours without oxygen ; while in 

' I am still inclined to bolieve thnt, in spiti» <»f uU the pnvaations, th«« hvtlnHTt'U 
bad a sli/chtly higher t«'mp»Tutur«? than the uir when it rfachtni tin« • • i 
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the Ctenolabrus, and eggs* which cannot cleave without 
oxygen, the surface layer of the cleavage-cells is liquefied 
and the cells fuse together. The latter fact seems to indi- 
cate that cleavage does not occur in certain eggs, because 
without oxygen profound molecular changes occur, which, 
among other things, prevent the formation of a membrane 
or a specific surface film. 

X. ON THE EFFECT OF LACK OF OXYGEN ON CABDIAC 
ACTIVITY IN FISH EMBRYOS 

The older experiments on the effect of lack of oxygen on 
the activity of the heart have in part led to strange results. 
Tiedemann, for example, found that when the heart of frogs 
or salamanders is excised and kept under the bell of an 
air-pump, it ceased to beat in less than one minute when the 
air is rarified.* CastelP came to more probable results. He 
found that when the heart is cut out of the body of a frog 
and kept in an indifferent medium in the absence of oxygen, 
it may continue to beat for an hour. In the experiments of 
Pflüger and Aubert, which have already been mentioned, the 
heart continued to beat after all the spontaneous movements 
of the animal had long ceased. 

The older authors had discussed the question as to whether 
oxygen does not have a direct stimulating effect ujx)n the 
heart. This would, of course, explain why the heart ceases 
to beat when oxygen is lacking. Castell, however, showed 
that a heart which has ceased to beat in an atmosphere free 
from oxygen will also not beat when stimulated by other 
means. The papers which have been cited in the introduc- 
tion give a more rational explanation of the rOle of oxygen 

'This phenomenon is loss distinct, and therefore not so certain, in thoeKffo'-^''^' 
ein as in that of Ctenolabrus. Driesch (luestions it in the sea-urchin ckk» but 1 am not 
certain that his experiments are identical with mine. [1903J 

2 Archiv/ilr Anatomic unci Physiologie, 1H47, p. 490. 

3 //m/., 1854, p. 226. 
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than that furnished by the assumption that the oxygen 
"stimulates" the heart. 

I was especially interested in comparing the effects of 
lack of oxygen on the beat of the heart in Ctenolabrus and 
Fundulus embryos. Does the same difference in behavior 
toward lack of oxygen exist here as in regard to cleavage ? 

The heart begins to beat and the circulation is estab- 
lished in Ctenolabrus embryos as early as forty-eight hours 
after fertilization. If such forty-eight-hour-old embryos, 
which are still contained within the eggs, are introduced into a 
gas-chamber through which a current of hydrogen is passed, 
the heart usually comes to a standstill in from three to ten 
minutes after the current of gas is turned on. The activity 
of the heart does not, however, gradually fall to zero, but the 
heart comes to a standstill suddenly when the number of 
heart-beats has decreased but little or not at all. In one case 
the heart beat about 90 times a minute before the hydrogen 
was admitted. Hydrogen was then passed through the 
gas-chamber, and after four minutes the heart still beat 89 
times; two minutes later it beat 78 times, and in the following 
minute 77 ; in the next minute the heart came to a sudden 
standstill. After hydrogen had been |)a.s8ed through the 
gas-chamber for only seven minutes, and when the number 
of heart-beats had fallen only from 90 to 77 — a slight de- 
crease only — the heart suddenly stood still; at that time 
blood was still circulating beautifully. 

In a second experiment the number of the heart-l>eat8 
was 108 per minute at the beginning of the ex[)eriment. 
Two minutes after turning on the hydrogen gas the heart 
beat 105 times, and three minutes later 108 times a minute. 
During the next minute the heart stood still after having 
beat<»n 23 times in the first eighteen seconds of that minute. 
The heart stood absolutely still for four minutes, after which 
it gave a few weak pulsations. For the next three minutes 
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it again stood still, after which the heart beat rhythmically 
for one minute (38 beats in a minute), when it again ceased. 
A few irregular pulsations followed, and then everything 
was over. Sixteen minutes after turning on the current of 
hydrogen the heart had come to a complete standstill, but 
the embryo itself still moved at this time, and even five 
minutes after the heart and the circulation had ceased 
entirely the embryo still moved! 

In a third experiment the current of hydrogen was turned 
on at 11:26 a. m. The number of beats was 90 per minute; 
in the following minute it was 81, and in the third minute 
the heart came to a sudden and permanent standstilL In a 
fourth experiment the current of hydrogen was started at 
10:03 A. ^, The number of heart-beats was 100 per minute. 
The following table indicates the course of the experiment: 

10:03 ... - 100 beats per minute 

10:04 - - - - 102 " 

10:05 - - - - 100 " " '' 

10:06 - - - . 96 *' " 

10:07 - - - - 98 ** 

10:08 - - - - 90 " " " 

10:11 - - - - 60 '* 

10:12 - - - - 64 " 

10:13 - - - - M '' 

The heart then came to a sudden standstill. Three min- 
utes later the heart again beat twice; shortly after this it l)eat 
reorularly for one minute (39 times per minute). The heart 
tlien again stopped; a few scattered beats followed, and at 
10:25 A. M. the heart came to a permanent standstilL 

When the embryos whose hearts had come to a standstill 
Were returned, after not too long a time, to water containing 
oxvi^^t'ii, n'snscitation of tlie heart followed, and this the 
earlier, tlif sliortcr the time the embryo had remained in the 
atui()sj)lu'n' fret' from oxy<j;en. If the eggs remained for one 
to <JiK' and a half hours in the gas-chamber, they became 
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o[)aque and sank to the bottom. Twenty-five minutes after 
turning on the hydrogen the changes which we have described 
in detail above — namely, the appearance of the strongly 
refractive droplets — were often clearly visible. 

If now we ask for the cause of the rapid and sudden 
standstill of the heart of Ctenolabrus embryos when deprived 
of oxygen, we must admit, first of all, that a failure of the 
energy which is supplied perhaps by processes of oxidation 
cannot be the cause. For, since the oxygen is replaced by 
hydrogen only gradually, the number of heart-beats should 
under these circumstances also decrease only gradually until 
a minimum is reached. The behavior of the heart was, how- 
ever, entirely different. The heart usually came to a stand- 
still without a noteworthy decrease in the number of heart- 
beats; sometimes a decrease was noted. For the same 
reasons the view that in three to ten minutes after turning 
on the current of hydrogen all the potential energy present 
in the heart has been used up is also to be set aside. After 
the heart had ceased to beat, the entire animal still executed 
spontaneous movements, and the heart remained generally 
active in case of lack of oxygen longer than the rest of the 
body of an animal.^ The rapid and sudden standstill of the 
heart of Ctenolabrus is the consequence either of a sudden 
poisoning, or of a structural change in the heart brought 
about by the removal of oxygen. It might also be that the 
poisonous eflfect consists only in bringing about molecular 
changes. The experiments on the cleavage of the Ctenola- 
brus egg showed that a change occurs in the cell-walls in 
consequence of which they break up into droplets. We 
muHt assume that these changes are brought about by the 
beginning lack of oxygen, or the metabolic products formed 
in coii8e(juence of this lack of oxygen. Might it not Ik» |h)s- 
sible that a liquefaction of solid elements and the formation 

I Mi*<s M<M>r«' has since found that in yoiinc f\>h whos«» respiratory and hiMmta- 
neouii motion.« haTo ccaMHl the heart still continues to biMit for hours. [IMJQJ 
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of droplets hinders the production or the transmission of 
molecular movements, and in this way brings about the sud- 
den standstill of the heart ? This idea would also harmonize 
very well with the fact that the heart comes to a standstill as 
suddenly and as unexpectedly as death ensues from embol- 
ism. It would also be in harmony with this idea that after 
the sudden standstill of the heart a few occasional heart- 
beats may yet appear. We will, however, not enter farther 
into the field of hypotheses, but rather attempt to see how 
the heart of Fundulus behaves in the lack of oxygen. 

Numerous experiments on embryos from four to ten days 
old (the embryos do not hatch until after the twelfth day) 
showed without exception the following behavior of the heart 
in the case of lack of oxygen: 

During the first ten to twenty minutes after the hydrogen 
is turned on through the gas-chamber, the number of heart- 
beats does not decrease. A transitory acceleration even 
occurred, which, however, was brought about through a rise 
in temperature caused by passing the hydrogen gas through 
the gas-chamber. This acceleration did not occur when I 
packed the hydrogen generator in ice. But the decrease in 
the amount of oxygen contained in the Fundulus egg, which 
occurs during the first twenty minutes and which causes the 
heart of the Ctenolabrus embryo to stand still, has no effect 
upon the rate of the heart of the Fundulus embryo. 

Then follows a period of steady decrease in the number of 
heart-beats, which continues for about one and one-half 
hours. The decrease occurred most rapidly at first and then 
more slowly. During this period the number of heart -beats 
f(»ll from about 120 or 100 a minute to about 20 per minute. 
This period corresponds, it seems to me (and we shall find 
further proofs for this idea hiter), to the i)eriod of progres- 
sive decrease in the oxygen necessary for the oxidations in 
the heart. 
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When the number of the heart-beats has decreased to the 
minimum of about 20 per minute, the heart continues to 
beat at this rate for about eight to ten hours in an uninter- 
rupted and regular manner, until at the end of this time it 
comes to a standstill. Since our earlier experiments rendered 
it possible that after two hours all the exhaust- 
ible oxygen has certainly been driven out by 
the current of hydrogen, we are perhaps justified 
in assuming that the energy for this long- 
continued and regular, but slow, activity of the 
heart is derived from processes of hydrolysis. 
It seems as if we are able in the Fundulus 
heart to separate numerically the energy derived 
from hydrolytic processes from that derived 
from processes of oxidation, in that the former 
source of energy yields about 20, the latter the 
remaining, about 80 to 100, heart- 
beats per minute. I would especially 
emphasize the fact that during the 
entire time of the experiment the 
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current of hydrogen was passed through the gas-chamber 
uninterruptedly, and that in consequence every action of the 
carbon dioxide had been shut out in these experiments, as 
in those \i\>on the Ctenolabrus embryo. 

We shall now descril)e a few of the individual experi- 
ments. In one case the hydrogen current was turned on at 
8:42 A. M. The number of heart-beats was 108 to 114 per 
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minute. This number remained constant until about 9:08. 
(The current of hydrogen was not as vigorous as usual.) At 
9:12 the number of heart-beats was 96; at 9:30 the number 
was 69; at 10 the number was 48; and at 11 it had fallen to 
27. At 11:25 the heart beat 23 times per minute; at 11:40 
it beat 20 times per minute ; after which the number of beats 
varied between 20 and 23 per minute, until 8:45 p. M. ; in 
other words, more than nine hours. The curve of Fig. 124 
illustrates the condition of affairs better than description. 
The curve is typical and may be looked upon as representing 
any one of these experiments. Only the absolute values 
varied with different individuals and with the temperature. 

In another experiment the current of hydrogen was turned 
on at 3:06 a. m. The number of heart-beats was 120. At 
3:17 the heart beat 126 times, after which the number 
decreased, as shown in the following table: 

3:20 110 beats per minute 

3:22 ... - 86(1)" '' 

3:25 60 " ** *' 

3:27 - - . . 54 " " - 

3:31 50 ^^ ^^ " 

3:34 - - . . 44 u .. .. 

3:40 36 '^ *^ ^^ 

3:45 . . - . 33 ^^ '* " 

3:52 24 '' *^ ** 

4:00 .... 22 ^* " 

4:05 20 

4:12 - - - - 19 - '* 

4:20 16 ^^ ^' ^^ 

4:30 - - - - 14 ^^ '' 

4:55 12 ' 

This rate continued unchanged until 9:50, when the 
experiment was brought to a close. It is readily seen ln»w 
much more rapidly the decrease occurs at first than later. 
Fig. 125, which illustrates the l^eginniug of this experimeui. 
shows this very strikingly. 
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I have repeated this experiment eight times, always with 
the same result. It was of importance now to determine 
whether the number of heart-beats increases, and how much 
it increases, when a heart which has attained its minimum 
rate in hydrogen is again exposed to the oxygen of the air. 
In one such experiment the current of 
hydrogen was turned on at 9:10 A. M. 
The number of heart-beats was 120 per 
minute. At 11 the number of heart-beats 
had fallen to 42, and soon thereafter the 
minimum of 24 heart-beats was reached. 
At 2:40 the number of heart-beats was 
still 24. At 2 : 44 the embryo was taken 
out of the gas-chamber and brought 
into fresh water, and at 2:48 the num- 
ber of heart-beats was counted; it was 
then 30. The further 
course of the experi- 
ment is shown in the 
following table: 




FIG. 125 



2:48 
2:49 
2:50 
2:55 
3:00 
3:03 



40 beats per minute 
51 " 

60 ' 

66 '' 
66 " 
69 ' 
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3:05 75 beats per minute 

3:08 . - . . 81 " " " 

3:15 84 " " " 

3:25 . . . . 96 " " " 

3:35 102 " " 

3:47 - - - 111 " 

3:53 120 " " 

This rate continued until 5 :10, when it increased to 132.' 
This experiment, which I repeated several times with the 
same result, shows that the decrease in the number of heart- 
beats when the heart is deprived of oxygen is dependent 
chiefly upon the decrease in the energy furnished by oxida- 
tion and not upon the formation of poisonous substances. 
The fact that the minimum number of heart-beats continues 
a very long time without oxygen also speaks against the 
latter idea. 

We can make use of still another method to determine 
what proportion of the heart-beats in the Fundulus embryo 
depends upon oxidations, and what proportion upon pro- 
cesses of splitting. By placing the gas-chamber upon ice 
and passing a current of hydrogen through it, we are able to 
drive out the oxygen, while the processes of hydrolysis are 
at the same time reduced to a minimum through the lower- 
ing of the temperature. In one experiment I passed the 
hydrogen through the gas-chamber for two hours, while 
keeping it on ice. The hearts were then removed from the 
ice, but the current of hydrogen was maintained. At room 
temperature the number of heart-beats, which at the liegin- 
ning of the experiment had been 117, rose to 87 (in 
twelve minutes), to descend again to 86 in the course of 
the next hour. Forty minutes later the minimum of 21 
was attained, at which rate the heart continued to beat 
for seven hours. Toward the last a slight increase occurred 

' This pxi>eriment shows that the oxyfreu diffuses comparatively rapi'dly intoth« 
egg. L 1903 J 
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in the number of beats. I had expected that the number of 
heart- beats would be only the minimal one after removiu«^ 
the gas-chamber from the ice. Possibly all the oxygen had 
not been driven out. I therefore re[)eated the same exix?ri- 
ment, but allowed the gas-chamber to remain for three hours 
on the ice. This time I expected that at room temi)erature 
the number of heart-beats would only reach the minimum 
which corresponded to the temperature. But this time also 
the number of heart-beats rose in six minutes to 0(5, after 
which the rate decreased steadily. One hour later the heart 
beat 42 times, and after thirty-five minutes the minimum of 
24 was reached. I do not doubt that after passing a vigor- 
ous current of hydrogen through the gas-chamber for three 
hours all the oxygen is exhausted from the egg. If this 
assumption is correct, these experiments can l^e made to har- 
monize theoretically with the results obtained earlier only 
by assuming that the processes of hydrolysis do not occur 
with uniform intensity, but that they occur much more rap- 
idly at first when the oxygen is first withdrawn (or perhaps 
also under the ordinary conditions of oxygen supply) than in 
the continued lack of oxygen.* 

It is, moreover, to be noted that the data necessary for 
calculating the work of the heart are lacking in these ex- 
periments. Only by assuming that these data are the same 
in the presence of oxygen as in its absence can conclusions 
be drawn as to the behavior of the two sources of energy. 
If we make this assumption, we come to the conclusion that 
of all the energy which is useil up by the Fundulus embryo 
in normal heart-activity, that much at least which cor- 
resfwuds to the minimal number of heart -beats in the lack 
of oxygen is dependent U[K)n processes of hydrolysis. This 
number is about one-sixth or one-fourth of the total numl^er 
of heart-beats which occur under normal conditions of 

1 Perhaps in this ease the effects of poisonoos substances are to be considered. 
[I«8J 
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oxygen supply and at the same temperature. When, how- 
ever, we consider the results of the experiments carried on 
in the cold, we come to the conclusion that in the presence of 
oxygen the proportion of energy obtained through processes 
of splitting may be much greater than this; it may then 
amount to 50 or 70 per cent, of the work done by the heart 
The behavior of the heart of a Fundulus embryo in car- 
bon dioxide is of interest in so far as it shows that carbon 
dioxide is just as poisonous in this case as upon the heart of 
the Ctenolabrus. While the Fundulus heart continues to 
beat for twelve hours, and even longer, when the oxygen is 
driven out by hydrogen, the ventricle ceases to beat as early 
as twelve minutes after passing carbon dioxide through the 
gas-chamber. Only the auricle continues to beat, and the 
circulation soon comes to a stop. The contractions become 
weaker and less numerous. In one experiment the heart 
beat 96 times per minute at the beginning of the experiment, 
54 times after eight minutes, 45 times after ten minutes, 
and 42 times after twenty minutes. The heart then ceased 
to beat entirely for long periods of time, and thirty-two 
minutes after turning on the carbon dioxide the heart 
stood still. In other experiments the heart did not cease 
to beat until after one and one-half hours. When the 
heart is exposed to the poisonous effect of COg and ceases 
to beat even after one hour, the heart begins to beat 
again when the carbon dioxide is replaced by air. The 
resuscitation of the heart is as follows: The auricle recovers 
more rapidly than the ventricle, and the latter at first beats 
a less number of times than the former. In one ex- 
periment a heart which had come to a standstill was ex[X)sed 
to air at 10 A. M. At 10:06 the auricle beat 24 times \^t 
minute, while the ventricle was still quiet. The ventrii-lo 
did not he<j^in to contract until the next minute, and the 
number of auricular contractions was 83 a minute at this 
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time. At 10:23 the auricle beat 72 times, while the ven- 
tricle beat 42 times per minute. The ventricle often con- 
tracted only once to every two, or even at times three, auric- 
ular contractions. At 10:35, however, the rate of the 
ventricular and the auricular contractions was the same, 
namely, 84 per minute, and from then on they continued 
the same. These phenomena, which are characteristic of 
all experiments with carbon dioxide, were never observed in 
replacing the air by pure hydrogen. 

In another series of experiments I permitted CO, and 
hydrogen to pass alternately through the gas-chamber. In 
one case I turned on the hydrogen at 8:30 A. M. At 10:30 
the heart beat 24 times per minute; at 10:31 the hydrogen 
current was interrupted and the CO, current was turned on. 
(Through a simple T-tube connection and a pair of pinch 
cocks it was |X)ssible to pass either the hydrogen or the CO, 
through the gas-chamber at will, without admitting air.) In 
a few minutes the ventricle ceased to beat and the circula- 
tion stopped. After an hour the current of carbon dioxide 
was interrupted, and hydrogen was again passed through 
the chamber. After forty minutes the ventricle again be- 
gan to beat ; the number of its beats was 24, and remained 
so until death. By replacing the CO^ by hydrogen it is 
tiierefore possible to do away with the poisonous action of 
the former. This exi)eriment demonstrates very nicely a 
fact which is perhaps doubted by no one: that carbon 
dioxide and lack of oxygen have entirely different effects, 
which in ordinary cases of asphyxia are added together.* 
In this nay it is possible by jtassing through the chamber 
a current of pure hydrogen gas to bring to life again a 
rent ride which has been asphyxiated in carbon dioxide. 

• It aUo domonstratoM Ti*ry nicoly the possibility that other non-volatile 
poiMuioii» »ubstnnces inny bo formed, by lack of oxygen, which are destroytnl airain 
when oxyuni i< a»;ain admitted. The phenomena of fatiifue may bolonic to this 
caie»rory. [VAC,\ 



416 Studies in General Physiology 

Finally, it was of interest to compare the resuscitating 
effect of air with the resuscitating effect of hydrogen. Fun- 
dulus embryos were introduced into two gas-chambers. At 
the beginning of the experiment the heart under observation 
in one of the chambers beat 90 times a minute; that in the 
other, 96 times a minute. Hydrogen was passed through 
the chambers, and after an hour and fifty minutes the 
frequency of the heart-beats had fallen in both cases to 18 
per minute. In place of the hydrogen, carbon dioxide 
was then passed through the chambers. In fifteen minutes 
the ventricles stopped beating, and the pulsations of the 
auricles became much weaker. After 45 minutes one of the 
hearts was apparently dead, while the auricle of the other 
still beat 18 times a minute, though the beats were scarcely 
perceptible. One of the gas-chambers was then opened 
and the embryo exposed to the air, while in the second cham- 
ber the CO 2 was replaced by hydrogen. After fifteen 
minutes the heart which had been apparently dead and 
which was exposed to the hydrogen beat 24 times a minute, 
but only the auricles contracted. Both the auricle and the 
ventricle of the heart which was exposed to the air beat 
60 times. Two hours later the heart beat 30 times per 
minute in the hydroo;en, but the contractions were still 
limited to the auricle, while the heart exposed to the air 
beat 72 times. When a little later I exposed the em- 
bryo kept in the hydrogen to air, the ventricle did not 
recover. The number of auricular contractions did rise 
within fifteen minutes from 18 to 54, but shortly there- 
after the entire heart ceased to beat. In resuscitating a 
heart poisoned by COg, oxygen is therefore more effect- 
ive than the simple removal of the CO^ by hydrogen. 
We are not able to explain why the ventricle ceases to 
beat when exposed to carbon dioxide sooner than the auricle. 

We meet with an entirely different relation between car- 



Physiological Effects of Lack of Oxygen 417 



diac activity and oxygen in the larvae of a fresh -water 
mussel (Cyclas). In this animal the frequency of the heart- 
beat steadily decreases from 50 heart-beats to in the course 
of one and one-half hours in an atmosphere of hydrogen (at 
24° C). In this case, therefore, we have neither a sudden 
standstill of the heart without an appreciable decrease in the 
frequency, as in Ctenolabrus, nor a long-continued steady 
beat of low frequency, as in Fundulus, but a decrease in 
cardiac activity which runs parallel with the removal of 
oxygen, as if processes of oxidation are the sole source of 
energy for the activity of the heart. 

XL ON THE TRANSFORMATION OF NEGATIVELY HELIOTROPIO 
ANIMALS INTO POSITIVELY HELIOTBOPIC THROUGH LACK 
OF OXYGEN 

A series of papers have proved that it is possible to 
change the sign of heliotropism in certain animals at will 
through external conditions.' It is an easy matter, for 
example, to render negatively heliotropic Copepods posi- 
tively heliotropic by cooling, €Uid to keep them permanently 
positively heliotropic at a low temperature ; while it is also 
possible to render j)ositively heliotropic Copepods negatively 
heliotropic by an increase in temperature. The same 
experiments can be made on larvae of Polygordius. In 
order to determine the cause of this change in the sign of 
heliotropism, and also the conditions upon which the latter 
depends, I tried to see whether other conditions could bring 
about similar changes. Groom and I had previously found 
that the positively heliotropic Nauplii of Balanus perforatus 
rapidly became negatively heliotropic when ex|)08ed to 
strong light 

I also found that the same effect can l)e produced upon 
Copepods and Polygordius larvae by properly diluting the 

1 Gboom cnd Lokb, BioloffischeM Centralblatt^ Vol. X; Lokb, Vol. L pp. 265 ff. 
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sea-water as by increasing the temperature, while a proper 
increase in the concentration of the sea- water brings about 
the same eflFect as cooling. 

The majority of Copepods were, immediately after being 
caught, positively heliotropic. It seemed as if the majority 
of the negatively heliotropic Copepods belonged to one and 
the same species. When the Copepods were allowed to 
remain for a long time in a vessel containing sea-water, the 
number of negatively heliotropic animals decreased, becom- 
ing j>ositively heliotropic with time, while the reverse change 
occurred only rarely. The experiments on the effect of lack 
of oxygen were made under a small bell-jar, the contents of 
which were separated from the air on the outside by mer- 
cury. Two tubes extended into the bell-jar, one of which 
conducted the hydrogen into the bell, while the other con- 
ducted it away from the bell. Two vessels were placed 
under the bell-jar, of which the one contained freshly 
selected positively heliotropic Copepods, while the other 
contained negatively heliotropic Copepods. While the 
positively heliotropic animals remained positively heliotropic 
during the course of the experiment, the negatively helio- 
tropic Copepods within fifteen to twenty minutes after the 
hydrogen was turned on began, in part, to leave the room 
side of the vessel and to distribute themselves irregularly 
throughout the vessel, in part to collect at the window side 
of the vessel. The number of animals collected near the 
window steadily increased, while the number of Copepods at 
the room side of the vessel steadily decreased. In al^out 
thirty to forty-five minutes after the current of hydrogen 
had been turned on all the Co{>epods lay quietly on the 
bottom of tlie vessel. The Copei)ods which had from the 
l)ef^inning been positively heliotropic died at the side of 
the vessel nearest the source of light. Most (if not all) of 
the Co})epods which had at first been negatively heliotropic 
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were also found at the window side of the vessel. A second 
small collection occurred in the middle of the vessel, while 
the room side of the vessel was entirely vacated. The ani- 
mals usually did not become positively heliotropic until 
shortly before they became motionless. This explains why 
the conversion of the negatively heliotropic into the posi- 
tively heliotropic animals through lack of oxygen cannot be 
obtained with the precision and elegance with which the 
change can be obtained by cooling. In the latter case the 
animals retain their full power of movement ; in the former 
the transformation does not occur until the animals have 
suffered from lack of oxygen. But even then the phenome- 
non is so striking that it might be used as a demonstration 
experiment. I have repeated the experiment eight times 
with the same result. At first it seemed to me as if the 
negatively heliotropic Copepods died more rapidly in the 
absence of oxygen than those which were positively helio- 
tropic from the beginning. This finding, however, was not 
borne out in every case. 

When the ex|)eriment was interrupted early, at a time 
w^hen the animals first began to become positively heliotropic, 
and air was then admitted, the Copepods which had become 
positively heliotropic again became negatively heliotropic. 

The remarkable effects, which we have described here, of 
lack of oxygen on the sense of heliotropism, are, of course, 
not confined to Copepods. I made similar experiments ujwn 
the negatively heliotropic marine Isoixxls, the majority of 
which also become positively heliotropic in leas than two 
hours when oxygen is withdrawn. These exj)eriments will 
l>e continued. 

We see, therefore, that lack of oxygen has the same 
eflfect uj)on the sense of heliotropism as cooling or increas- 
ing the concentration of the sea-water. Araki has shown 
that by cooling the chemical effects of lack of oxyt^en can 
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be brought about, and it is therefore possible that the posi- 
tive heliotropism in both cases is determined by the same 
chemical conditions. It must be left for further experiment 
to decide this point. 

XII. ON CHANGES IN PIGMENT CELLS IN LACK OF OXYGEN 

It is a definitely established fact that the pigment cells in 
the skin of the frog become lighter after death. This 
lightening is brought about, as Biedermann has found,* by 
the fact that the coloring matter collects into small clumps. 
A piece of the skin which has been deprived of its circu- 
lation shows the same changes. 

In the transparent portions of the skin which can be studied 
microscopically- -such, for example, as the web of the amputated 
foot of Rana temporaria — it can easily be seen how the much- 
branched pigment cells which follow the com-se of the capillaries 
gradually change their form, in that the coloring matter moves 
toward the center of the cell until finally all the pigment is col- 
lected into clumps (p. 175). 

Increase in the carbon dioxide cannot be the cause of 
this change in the pigment cells, for Biedermann found that 
the skin does not become lighter when the frog is poisoned 
with COg. Biedermann believes that the cause is probably 
to be found in the decrease in the amount of oxygen. 

The surface of the yolk-sac of the Fundulus embryo is 
studded with a large number of black and reddish -yellow 
pigment cells, which are at first distributed irregularly, but 
wliich later, as I have shown,^ are compelled to creep upon 
the blood-vessels and surround them. With this the first 
physiological cause was furnished for the marking of an 
animal. Since then other authors have also found that the 
course of the embryonic blood-vessels determines the mark- 
ing of the embryo. 

1 Pflügers Archiv, Vol. LI. 

2 Journal of Morphology, 1893. 



Physiological Effects of Lack of Oxygen 421 

The black and red pigment cells can be distinguished 
from each other, not only by their color, but also by their 
form. The latter send out a large number of thin pseudo- 
podia-like processes which are never found in the black pig- 
ment cells. In the experiments on the effect of lack of 
oxygen on the cardiac activity of the Fundulus embryo, it 
was noticed that the originally dark yolk-sac gradually be- 
came lighter in color when exposed to hydrogen for a long 
time. The pigment cells can be observed very carefully 
with the microscope, and I expected to observe the same 
phenomena that Biedermann observed in frogs. This was, 
however, not the case. It was found in the course of a series 
of experiments that the dark pigment granules and the 
black cells gradually disappear the longer the current of 
hydrogen is kept up, and that the collection of the pigment 
in the center of the cell does not occur. 

The changes in the red pigment cells in lack of oxygen 
are of a somewhat different nature. The lightening of the 
color often occurs in this case also. Besides this, however, 
the cells become smaller. The tips of the cell-processes 
break off, remaining visible at first as tiny droplets, which 
disappear later. As this process continues, the pigment 
cells gradually become smaller. 

These changes remind one of the fact that certain dyes 
become colorless when reduced. In our experiments it 
might also be possible that the discoloration of the black 
pigment is a result of a reduction, which does not occur in 
the presence of atmospheric oxygen. 

XIII. CONCLUDING REMARKS 

It seems to me that the most imix)rtant result of the 
foregoing experiments consists in the proof which has been 
brought forward that in certain cases at first molecular, 
and later morphological, changes are brought about in cells 
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through lack of oxygen, which in their turn are the cause 
of the suspension of life-phenomena. This has been proved 
for the process of cleavage in the Ctenolabrus egg. The 
cleavage-cells of Ctenolabrus are dissolved again and fuse 
together when oxygen is removed. These changes are not, 
however, an evidence of death, for as soon as such a fused 
blastoderm is again exposed to air it begins to divide anew. 
On the other hand, these molecular changes are sufficient to 
hinder cleavage. The cleavage-cells of the Arbacia egg 
seem to suffer similarly in the lack of oxygen, although the 
changes are much less marked. We find that here also 
cleavage is impossible without oxygen. Yet lack of oxygen 
does not bring about the same sort of molecular changes in 
the Fundulus egg as in the Ctenolabrus egg, and corre- 
sponding with this difference cleavage may also go on with- 
out oxygen for many hours in Fundulus. 

It is also possible that such molecular changes as are 
brought about by the lack of oxygen in the cell are also the 
cause of the cessation of other life-phenomena; for example, 
the beat of the heart (and the activity of the respiratory 
center). We thus find that in Ctenolabrus, where the first 
cleavage-cells suffer such profound structural chaiigt^ 
through lack of oxygen, the heart of the embryo comes to a 
standstill very rapidly and suddenly through lack of oxvgen 
before a marked decrease has taken place in the frequency 
of the heart-beats; while the heart of the Fundulus, whose 
cells suffer no such structural changes, continues to beat for 
many hours without oxygen. Since the chemical energy 
set free in the cells must first be converted into molecular 
energy in order to bring about the physiological function, it 
is clear, n priori, that not only a decrease in the su[>ply of 
the cliemical energy, but any structural change which ren- 
ders impossible the conversion of chemical energy into the 
molecular energy necessary for the activity of the tissue, 
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must also lead to a standstill in the particular life-phenome- 
non under observation. We find that both possibilities are, 
indeed, encountered. Further investigation may possibly 
be able to show that the sudden cessation of life-phenomena 
through lack of oxygen may generally be attributable to 
structural changes. Were this the case, it might point the 
way, perhaps, to a clearer understcmding of the action of 
mcüiy poisons. 



